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 SUMMARY  
 
This research study addresses the ab initio and DFT investigation of sialidase enzyme mechanism 
and hydration pattern of its inhibitor.  Effect of substituents at the key functional site of inhibitor 
is studied and validated its effect on binding affinity of the various sialidase substrates.  Chapter 1 
deals with the general introduction of this thesis.  Chapter 2, addresses the theoretical 
methodology, computational methods, basis sets, fundamental quantum chemistry, solvation 
models and the cluster continuum solvation analysis.  The cluster continuum analysis delineates 
the specific binding effect of explicit water molecules in the functional site of the respective 
sialidase substrates.  Chapter-3 explains the catalytic path of sialidase enzyme using the ab initio 
method.  The mechanistic investigation of sialidase enzyme reveals that the enzyme mechanism 
proceeds through the carbocation intermediate formation and not by the covalent intermediate.  
This structural finding favors the design and development of sialidase inhibitor. Chapter 4, 
explains the explicit cluster continuum solvation investigation of sialyate compounds such as 
sialyate-guandino complex, sialyate anion, sialososyl cation-guandino complex and sialyl zwitter-
ion.   
The investigation divulges that the cluster continuum solvation free energy of sialyate complex 
and sialyate anion increases as a function of water molecules and thus invalidates the specific 
binding of explicit water molecules in the functional site of sialyate complex and its anion.  
However, the cluster continuum solvation free energy of sialosyl cationic complex and sialyl 
zwitter ion decreases as a function of water molecules until the explicit trihydrated structure and 
this validates the presence of water molecules in the functional site of sialosyl cationic complex.  
Hence, presence of water molecule is confirmed near the carboxylate oxygen, C4 hydroxyl group, 
C2 carbon, C7 hydroxyl group and carbonyl oxygen of the sialosyl cation intermediate.  
Chapter5, deals with the cluster continuum solvation analysis of sialidase inhibitors such as 
DANA, 4-amino-DANA, 4-guandino-DANA, tamiflu and BCX.  The solvation analysis indicates 
 xiii 
that the cluster continuum solvation free energy of pyranose cyclohexane derivatives such as 
DANA, N-DANA and 4-guandino-DANA increases as a function of the water molecules and 
therefore invalidates the specific binding of explicit water molecules in the functional site of the 
respective substrates.  The presence of polarized C–O link in the cyclohexane derivatives causes 
poor specific binding of explicit water molecules.  Cluster continuum solvation analysis of 
tamiflu complex indicates that the solvation free energy increases as a function of water 
molecules and thus invalidates the specific binding of explicit water molecules in the functional 
site.  Cluster continuum solvation analysis of tamiflu anion indicates that the solvation free 
increases as a function of water molecules except monohydrated structure.  Hence, presence of 
water molecule is validated in the monohydrated structure of a tamiflu anion.   The solvation 
analysis of the BCX inhibitor shows that the cluster continuum solvation free energy of BCX 
complex and its anion decreases as a function explicit water molecules until the tri-hydrated 
structure and thereafter it increases as a function of water molecules.  
Hence, the presence of water molecules is validated in the explicit tri-hydrated structure of BCX 
complex.  Chapter 6 addresses the effect of explicit water molecules on the binding affinity of the 
sialidase substrates.  The investigation of explicit water molecules on the binding affinity of the 
sialyate complex, DANA-complex, N-DANA complex, 4-guandino-DANA complex and tamiflu 
complex indicates that the binding affinity of the sialidase substrates decreases as a function of 
water molecules.  Hence, it authenticates that the explicit hydration is detrimental to the binding 
affinity of the sialidase substrates.   The binding analysis of BCX inhibitor implies that the 
binding affinity decreases as a function of explicit water molecules except the explicit dihydrated 
structure.  Hence, dihydrated structure of BCX will be used in the design of sialidase antiviral 
drugs. The effect of explicit hydration on the sialosyl cationic complex reveals that the binding 
energy of cationic complex increases as a function of water molecules and hence, this finding will 
facilitate the development of sialidase inhibitors.  Chapter 7 deals with the effect of substituents 
on the binding affinity of the sialidase substrates.  The effect of C4 substituent on the DANA 
 xiv 
discloses that the methoxy and amino group increases the binding affinity of DANA.  Similarly 
the analysis of C7 substituent on the binding affinity of DANA reveals that the guandino at the 
C7 position drastically enhances the binding affinity of DANA.  Effect of C7 substituent on N-
DANA reveals that the amino, methoxy and thiol at the C7 position of DANA increases the 
binding affinity.  The analysis of C7 substituent on the 4-guandino-DANA indicates that the 
amino, methoxy and methyl group provides a higher binding affinity.  Effect of C12 substituent 
on tamiflu discloses that the methyl and ethyl group influences the binding affinity.  The analysis 
of C6 substituent on tamiflu indicates that none of the susbtituents increases the binding affinity 
and hence, amino group at the C6 position is the best substituent of tamiflu.   In summary, the 







1.1 INTRODUCTION   
 
Conserved water molecule in a protein plays a central role in predicting  protein structures and it 
allows opening insights into the field of drug design.  Hence the study of molecular hydration and 
interaction of hydrated water with macromolecules, will establish a new era in chemical, 
biological and enzyme catalytic process
1
.  The advent of sophisticated experimental tools and 
theoretical methods, leads to the substantial studies on molecular hydration and it is reported in 
the recent literatures
2,3
. The hydrogen bond has considerable importance on research in chemistry 
and biology.  It plays a vital role in elucidating the molecular conformation, crystal structure and 
protein structures
4
.  Scientific reports have proved that the water in macromolecules has a unique 
property and its specificity has a critical impact on the biological activity of DNA, protein and 
enzyme
5
. In addition the hydrogen bond formed by the water molecules affects the intramolecular 
proton transfer in biological process.    
On account of this significance, the theoretical study of hydrogen bonded systems is crucial for 
deeper understanding of the protein interactions and enzymes and this eventually provides a 
rationalization of the structure
6
.  Thus the interaction of proteins with the surrounding water 
molecule has become significant research area in protein sciences at molecular level
7,8
. Mass 
spectrometry provides an ideal technique to investigate the hydration studies of biological 
compounds at the molecular level. Besides, it discloses the relationship between biomolecular 
structures in the solvent and gas phases and the role of water molecules in the bio-molecular 
structures.
9
  So, the interaction between water and proteins and nucleic acids at the molecular 
level are also a topic of a major interest with the ultimate goal of understanding enzymatic and 
cellular actions. Next to mass spectrometry, X-Ray crystallography is used to detect the binding 
sites, structure and dynamics of water molecules in the proteins.  In addition, theoretical 
 2 
calculations provides a complementary tool to study the geometries and energetics of ionic 
hydrogen bonds in enzymatic reactions and proteins.
10 
 Hence, explicit solvation analysis of 
proteins and biologically important macromolecules will be useful in predicting the internal 
binding sites of proteins.  Recent review shows that the ion-solvent interactions involve in strong 
ionic hydrogen bonded networks and thus it further signifies the  role of molecular hydration.
11
 
Especially in  biological studies, the ion-solvation interaction is important in enzyme activity, 
protein folding and membrane transport
12
.  Water has a dynamic role beyond maintaining the 
structure of proteins and biological macromolecules.  Although the role of water molecules in 
protein folding is improved with limited success; the implicit solvent models accurately 
representing protein stability and dynamics suggest that the physics of interaction between 
biomolecules and solvent is not yet completely captured.  Hence, exploring the dynamics and 
structural features of water molecules in the hydration shell and internal cavities will provide key 
information to understand the structure of biomolecules and proteins.   
Hence, this chapter provides a general introduction of explicit solvation and its specific effect on 
the functional sites of sialidase substrates.  The literatures are rich with several experimental as 
well as theoretical works addressing the problem of molecular hydration.  Chapter 2, addresses 
the electronic structure methods, geometry optimization, frequency calculation, density functional 
Method (DFT), solvation models and cluster continuum solvation method employed in this thesis. 
It also provides a brief description of basis sets. Chapter 3, focuses on the catalytic mechanism of 
sialidase enzyme and the structure of the cationic intermediate.  Sialic acid, the natural ligand of 
sialidase, plays a key role in enzyme catalysis and in the design of sialidase inhibitors.   Explicit 
solvation analysis of sialosyl cation provides precise information about the water mediated 
catalytic path.  Functional and structural information about sialidase has a significant effect on the 
discovery of sialidase inhibitors.
13
   The sialidase is involved in the cleavage of terminal sialic 
acid from ketosidic linkage of adjacent carbohydrate unit during its catalytic path and promotes 
the release of progeny virus from the infected cell
14
 and thus proliferates the viral infection to all 
 3 
the cells. This disease had a strong impact on the whole human population and caused severe 
respiratory illness and death from 30 million to 50 million people
15
.  The enzyme mechanism 
appears to proceed via the formation of sialosyl cation intermediate with a distorted half-chair 
conformation
16 
and its structure is shown in chapter 3.  The formed cationic intermediate is 
hydrolytically released as sialic acid.  While the detailed mechanism of catalysis is not yet known 
precisely; it has been proposed that it proceeds predominantly by a carbocation intermediate and 
perhaps by a covalent intermediate.  The present ab initio investigation shows that the catalytic 
mechanism proceeds through the sialosyl cation intermediate without forming a covalent 
intermediate.  Chapter 4, addresses the cluster continuum solvation investigation of the sialyate-
guandino complex, sialyate anion, sialosyl-cation guandino complex, and sialyl zwitter ion.  The 
focus here is to obtain molecular level insights of explicit water molecules in the hydration 
process.  Detailed analysis of molecular hydration has been carried out for the sialyate 
compounds to unearth the best hydration pattern and the specific binding of explicit water 
molecules.  Currently, two different approaches are commonly available for the treatment of 
solvation in computational modeling of biomolecules.   
First the solvent effect can be described in explicit solvent models using the limited number of 
explicitly simulated water molecules around the protein-ligand complex and its components
17
 and 
then theoretical calculation were performed to compute the solvation energy.  This model is 
clearly explained in chapter 4.  Neuraminidase (NA) is a major surface glycoprotein of influenza 
virus that possesses an enzymatic activity essential for viral replication and infection
18
 and sialic 
acid is the natural ligand of the neuraminidase.   The active site is highly conserved and presents a 
rigid catalytic centre
19
.   The use of the explicit solvation treatment is valuable to gain insight into 
the discrete role of water molecule in folding and hydrogen bonding in the vicinity of sialidase 
active sites.  This solvation treatment will predict better water binding sites of ligands and the 
burial of water molecules in the vicinity of functional sites.  Besides, it helps to identify and 
characterize the binding sites where water improves the overall binding. Theoretical and 
 4 
computational approaches can aid and complement the experimental efforts to unearth the 
presence of water molecules in the cavities of biological macromolecules.  Internal water sites in 
proteins are highly conserved
20
 and hence, the introduction of explicit hydrated water molecule 
may improve the prediction of protein structures. Hence chapter-4 will elaborate the explicit 
solvation analysis of sialyate compounds to determine the presence of water molecules in the 
functional site.  Chapter 5, addresses the cluster continuum solvation analysis of sialidase 
inhibitors such as DANA, N-DANA, 4-guandino-DANA and tamiflu.  Cluster continuum 
solvation analysis of sialidase inhibitors is performed in both anionic and complex form with the 
protonated methyl guandino.  The explicit hydrated structures were formed for each substrate by 
adding explicit water molecules near the functional sites. A hydrated structure with the lowest 
water binding energy will indicate the specific binding of explicit water molecules in a functional 
site of the substrate.  The substrates such as DANA, N-DANA and 4-guandino-DANA is based 
on the cyclohexane pyranose derivatives whereas tamiflu is based on the carbocyclic structure 
with no oxygen in the ring and its structures are clearly depicted in chapter 5. Chapter 6, explains 
the effect of explicit water molecules on the binding affinity of the substrate.   Neuraminidase 
bound to the DANA in four binding pockets
21
 viz (a) a carboxylic acid group (b) an acetamide 
group (c) the glycerol hydroxyl group (d) the fourth C4 hydroxyl group and it is shown in figure1. 
 
Figure-1, Schematic interactions of DANA inhibitor (X=OH, Y=OH) 
 5 
It is clear from the figure-1 that the binding of carboxylic group with the triad arginine is the most 
powerful binding pocket.  Hence, the binding affinity of sialidase substrate is calculated in a 
highly simplified version by considering the binding affinity between the carboxylic group and 
the protonated methyl guandino.  Protonated methyl guandino is a model of the arginine amino 
acid residue employed in this study.  The binding affinity of sialyate complex, DANA, N-DANA, 
4-guandino-DANA, tamiflu and BCX inhibitors were investigated as a function of explicit water 
molecules in chapter 6.  The binding affinity of sialosyl cationic complex is also investigated in 
this section and the cationic complex differs from the other neutral complexes.  The sialidase 
substrate which increases the binding affinity as a function of water molecules will assist in the 
development of sialidase inhibitors.  Chapter 7, deals with the effect of substituents on the 
binding affinity of the sialidase inhibitors. The substituents were introduced at the C4 and C7 
position of DANA to evaluate its binding affinity. The substituents such as methyl, methoxy, 
thiol, chlorine, fluorine, guandino, trifluoro carbon and amino group were evaluated for the 
binding affinity.  The effects of substituents were also performed at the C7 position of 4-amino-
DANA and 4-guandino-DANA to evaluate its binding affinity. The substituent with a higher 
binding affinity will aid in the development of new DANA derivative with an enhanced binding 
affinity.  The effects of substituents were also carried out at the C12 and C6 position of tamiflu to 
evaluate its binding affinity.  Substituent with a higher binding affinity of tamiflu will assist in the 









CHAPTER  2 
THEORETICAL METHODOLOGY 
2.1 INTRODUCTION  
 
Ab initio molecular orbital theory is aimed at determining the electronic energies, wave functions 
of atoms and other properties of molecules.  It relies on the fundamental laws of quantum 
mechanics, mathematical transformation and approximation techniques to solve the Schrödinger 
equation
22
.  Computational chemistry simulates chemical structures and reactions numerically, 
based on the fundamental laws of physics.  It simplifies the researchers to study chemical 
reactions by performing calculations on computers rather than by examining reactions in the 
laboratory.  A few methods can be used to examine not only stable intermediate, but also transient 
intermediates and critical transition states.  In this way quantum chemical calculations provide 
key information about molecules and reactions, which is impossible to obtain through 
observation.  Hence, quantum chemistry is a vital adjunct to the experimental studies
23
. There are 
three broad areas within computational chemistry dedicated to the study of molecular structures 
and their energetics. 
(a) Molecular mechanics 
(b) Electronic Structure theory 
(c) Density functional theory 
 
These three theoretical methods have been employed to perform energy calculation, geometry 
optimization and vibration frequency calculation.  Molecular mechanics is an empirical method 
which, neglects the explicit treatment of electrons and its principle is based on the laws of 
classical physics to predict the structures and chemical properties of molecules. Therefore, 
molecular mechanics calculations fail to solve energetic problems such as bond breaking or bond 
formation, where electronic effects dominate.  Contrarily, it performs computations based on the 
interactions among the nuclei of the atoms. This makes molecular mechanics method feasible to 
study very large and non-symmetric chemical systems such as proteins and biological 
macromolecules. However, it has several limitations as well. The commonly used molecular 
 7 
mechanics force fields are AMBER, CHARM, MMX and OPLS.  Limitations: In molecular 
mechanics, no force field can be generally used for all molecular systems of interest. Neglect of 
electrons means that molecular mechanics methods cannot treat chemical problems where 
electronic effects predominate (e.g) the study of chemical reactions.  To surmount the limitations 
of explicit treatment of electrons in molecular mechanics methods, quantum chemical methods 
have been introduced, and this method treats the electrons by solving the Schrödinger equation 
based on the various approximations.  The introduced quantum chemical methods have been 
classified into semi-empirical methods and Ab initio methods.  Semi empirical methods such as 
AM1, MINDO/3 and PM3, implemented in programs like MOPAC, AMPAC, HyperChem, and 
Gaussian, use parameters derived from experimental data to simplify the computation.  It solves 
the Schrödinger equation based on the appropriate experimental parameters available for the 
particular type of chemical system under investigation.  Different semi-empirical methods are 
largely characterized by their differing parameter sets. It has its own inherent advantages namely 
(i) parameterized from the experimental data or ab initio data on simple organic molecules.  (ii) it 
reports energies as heats of formation rather than the energy from the isolated nuclei and 
electrons. (iii) it is relatively inexpensive compared to the ab initio calculations, and it can be 
applied to very large molecular systems.  
Limitations: Although it is used for very large systems and has a simplified computational 
procedure and has its own limitations. This method is applicable only for the systems where 
parameters have been developed for all of their component atoms.  
Ab initio methods such as Hartree Fock (HF) and Møller Plesset (MP2) unlike either molecular 
mechanics or semi-empirical methods, use no experimental parameters in their calculations.  
Instead, their quantum chemical calculation is based on the laws of quantum mechanics–the first 
principles referred to the name ab initio and it uses the values of physical constants such as, 
                                            (a) Velocity of light (c) 
                                           (b) The masses and charges of electrons and nuclei (me) 
                                           (c) Planck’s constant (h)           
 8 
Ab initio methods provide high quality quantitative predictions for a large variety of systems, and 
it can compute molecules in the ground state, excited state, neutral, ionic and radical forms.  
However, ab initio methods are computationally very demanding.  Rapid development of 
hardware and software at the end of the eighties led to a revolutionary effect on the computational 
chemistry in bio-disciplines and as a consequence ab initio techniques are mainly applied to study 
the weak molecular interactions of biomolecular complexes.  A third class electronic structure 
method known as density functional method is introduced recently, which finds greater 
applications in computing the properties of molecules at the cost of Hartree Fock.  These DFT 
methods are similar to ab initio methods in many aspects. Its calculations are based on the 
Hohenberg-Kohn theorem according to which, the electron density can be used to determine all 
properties of a system under study.  DFT methods are attractive because they include the effects 
of electron correlation unlike the Hartree Fock which considers this effect only in an average 
sense.  As the quantum chemical calculation uses the wave function, ψ; the DFT calculations use 
the electron density, ρ, to determine the properties of molecules.  Thus these methods can, 
therefore, provide the benefits of some of the more expensive ab initio methods essentially at the 
cost of Hartree Fock calculations.   
2.2 THE SCHRöDINGER EQUATION  
 
Ab initio molecular orbital theory is mainly employed for predicting the properties of atomic and 
molecular systems.  It relies on the fundamental laws of quantum mechanics and uses a variety of 
mathematical transformation and approximation techniques to solve the Schrödinger equation.  
Electronic structure methods use the laws of quantum mechanics rather than classical physics for 
their computations.  Quantum mechanics states that the energy and structural properties of a 
molecule may be obtained by solving the Schrödinger equation, 
                                                           Hψ = Eψ          1 
 9 
Where H is the Hamiltonian operator for a system consisting of nuclei and electrons, ψ is the 
wavefunction known as the Eigen function and E is the energy of the system. The Hamiltonian 
operator
24
 is a sum of the kinetic and potentially energy of the system.  Aside from a few smaller 
systems, the exact solution to the Schrodinger equation is impossible.  Electronic structure 
methods are characterized by their various mathematical approximations to its solution. The 
Hamiltonian operator for a system with N electrons and M nuclei is  
H = Kinetic Energy Operator + Potential Energy Operator  
 
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where, MA is the ratio of the mass of the nucleus A to the mass of the electron, ZA is the atomic 
number of the nucleus A.  The Laplacian operators 
2
i  and 
2
A  involve differentiation with 
respect to the coordinates of the i
th 
electron and the A
th 
nucleus.   














     3 
In the equation 2 first terms represent the operator for kinetic energy of the electrons, the second 
term represents the operator for kinetic energy of the nuclei, the third term represents the 
columbic attraction between electrons and nuclei; the fourth and fifth term represents the 
repulsion between electrons and between nuclei respectively. 
2.21 BORN-OPPENHEIMER APPROXIMATION  
The Born-Oppenheimer approximation
25 
is used to simplify the solution of the Schrödinger 
equation. It simplifies the general molecular problem by separating nuclear and electronic 
motions. This approximation is valid because, the electrons in molecules are lighter than nuclei, 
and therefore, generally have higher velocities. The nuclei move very slowly with respect to the 
electrons, and the electrons react instantaneously to changes in nuclear positions. Therefore, the 
electron distribution within a molecular system is based on the positions of the nuclei and their 
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velocities. Most ab initio calculations solve only the electronic part of the molecular wave 
function and therefore, cannot account for systems where the electronic states are strongly 
coupled to nuclear vibrations. Therefore, Ψ can be approximated as a product of electronic and 
nuclear wave functions as mentioned below. 
              Ψ = Ψelec  Ψnucl       4  
The electronic wave function, Ψelec can be obtained by assuming that the electrons are moving in 
the field of fixed nuclei and the nuclei wave function, Ψnucl can be obtained by assuming the 
nuclei to be moving in the average electronic field.   Upon applying the Born-Oppenheimer 
approximation to equation-2, the second term representing the kinetic energy of the nuclei 
vanishes and the fifth term representing repulsion between the nuclei becomes a constant and this 
is called Born-Oppenheimier approximation.  Any constant added to an operator adds to the 
Eigen values but has no effect on the Eigen functions.  Therefore, the equation-2 becomes 
simplified by the approximation and attains the following form, 
 
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Where Helec is known as the electronic Hamiltonian, (i.e.) Hamiltonian describing the motion of N 
electrons in a field of M point charges.  Schrödinger equation that is solved for then just becomes 
the electronic Schrödinger equation for the molecules plus a constant term for the nuclear 
repulsion is as follows,  
             Helec Ψelec = (E
electronic 
+ E
nuclear) Ψelectronic             6 
This gives the electronic wave function, Ψelec and the electronic energy, Eelec.  The electronic 
wave function, describes the motion of the electrons. 
                    Ψelec = Ψelec({ri}, {RA})                    7  
The electronic energy is, 
                             Eelec= Eelec({RA})                                    8 
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The electronic wave function and electronic energy obtained by solving the electronic 
Schrödinger equation depends explicitly on the electronic coordinates and parametrically on the 
nuclear coordinates.  Parametric dependence means that for different arrangement of the nuclei, 
Ψelec is a different function of the electronic coordinates.  The total energy of a system with fixed 














                9  
Eq. 5 to 9 constitutes the electronic problem and it has been solved effectively.  Hence, it is 
possible to solve for the motion of nuclei by the same assumption used to solve the electronic 
constituent.  Since the electrons move much faster than the nuclei, it is a reasonable 
approximation to replace the electronic coordinates in equation-2, by their average values, 
averaged over the electronic wave function.  The total energy Etot({RA}) provides a potential 
energy for the nuclear motion.  Therefore, the nuclei in the Born-Oppenheimer approximation 
move on a potential energy surface obtained by solving the electronic problem.  Solution to the 
nuclear Schrödinger equation is as follows, 
                                HnuclΨnucl = EΨnucl                                       10 
It gives the nuclear wave function Ψnucl which describes the rotation, vibration and translation of a 
molecule and the energy E which is a sum of the rotational, vibrational and translational energy 
of a molecule.  
2.2.2 THE ONE-ELECTRON APPROXIMATION 
Application of the Born-Oppenheimer approximation to the Schrödinger equation simplifies the 
complex Schrodinger equation into two parts namely the electronic and nuclear Schrodinger 
equation. As a result of the approximation introduced so far; the aim now is to solve the 
electronic Schrodinger equation.  The electronic wave function, Ψelec, is a function of the spatial 
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coordinates of all the n electrons and it would be easier to solve the electronic Schrödinger 
equation by approximating the Ψelect as a product of n one electron wave functions:  
     Ψelec (1,2….,n) = Ψl(1)Ψ2(2)……Ψn(n)      11 
Where Ψi(i) is only a function of the three coordinates of the i
th
 electron.  In order to make the 
above equation applicable Hamiltonian operator must be expressed as a sum of one-electron 
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Where, H0, H1 and H2 correspond to the Hamiltonians, which are a function of zero, one and two 
electrons respectively.  H0 is a constant, since nuclei are considered to be stationary and Hl 
represents no barrier to the separation of variables, since it is a function of the one-electron term.  
It is the H2 operator which causes the problem in separating the Hamiltonian into a sum of one-
electron operators.   
2.2.3 LCAO APPROXIMATION  
In the Linear Combination of Atomic Orbital (LCAO) approximation, a molecular orbital can be 
constructed by a linear combination of one-electron basis functions, usually called the atomic 
orbitals (AOs), which are normally centered on each nucleus,  




iC                        15 
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Where, 
ic  is the coefficient of the μth atomic orbital χμ in the ith MO.  The LCAO 
approximation
26
 provides an efficient approach to obtain a trial linear variational function to 
describe the molecular orbitals in a molecule.  The orbital coefficients are the variational 
parameters of the quantum mechanical calculations and their best values will provide the 
optimum calculated energy.  
2.2.4 APPROXIMATE METHODS USED TO SOLVE THE SCHRöDINGER EQUATION  
The Schrödinger equation is not strictly separable, and it cannot be easily solved by analytic 
means.  The techniques that are best used to find wave functions for complicated problems often 
turn out to be indirect.  The variational method and perturbation method represents two 
alternative approaches to the problem of calculating approximate wave functions and energies of 
systems for which direct solution of the Schrödinger equation is impossible
27
.   
2.2.5 THE VARIATION METHOD  
The variational principle
28
 is the basis for the variational determination of a wave function.  This 
principle states that the expectation value of the Hamiltonian H  calculated using a trial wave 
function; ΨT (є0), is never lower in value than the true ground state energy є0, which is the 
eigenvalue value of the Hamiltonian calculated using the true ground state wave function Ψo. 
Assuming the true ground state energy of the system is Eo with the corresponding wave function 
Ψo and let Ψ be an arbitrary function.  The expectation value of energy with trial wave function Ψ 
can be expressed as,  





E                                16 
where the denominator is required for normalization.  So according to the variation theorem for 




2.3 PERTURBATION THEORY  
One of the most common treatments of electron correlation is based on perturbation theory. 
Møller-Plesset (MP) or many body perturbation theory
29,30 
treat the electron correlation as a 
perturbation on the HF problem. In the MP scheme, the wave function and the energy are 
expanded in the power series of the perturbation.  Perturbation theory offers another method for 
finding quantum mechanical wave functions.  Perturbation theory is based upon dividing the 
Hamiltonian into two parts.  The first is one for which eigen functions and eigen values of the 
known parameters. The first part and associated eigen functions and eigen values are 
distinguished in notation by a zero superscript.  For an instance, the Schrödinger equation for the 
model system can be written as  
              H
(0)Ψ(0) = E0Ψ(0)       17 
 
Then the Schrödinger equation of the true system can be expressed as follow,  
HΨ = EΨ, where H = H(0) + λV     18 
Here V is the potential representing the difference between the two systems and λ is 
dimensionless parameter, the perturbation parameter.  If we can describe the true system as a 
small perturbation of the model, Ψ and E will not be a very different form Ψ(0) and E(0), and both 
can be expressed using powers of λ:  
        Ψ = Ψ(0) + λΨ(1) + λ2Ψ2 + ……..     19  
            E = E
(0) 
+ λE(1) + λ2E(2) + ……..                20  
To simplify the mathematical approximations the perturbed wave functions is to be orthogonal to 
Ψ(0).    
2.4 HARTREE FOCK METHOD 
The first step in most theoretical approaches to the electronic structure of molecules is the use of 
mean-field models or orbital models. The HF
31
 theory accounts only the columbic electron-
electron repulsion by integrating the repulsion term and neglects the instantaneous interactions 
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(correlations) between electrons, which is crucial for the description of chemical bond formation 
and as a result the calculated approximate energies are always greater than the exact energy. The 
energies are expressed in Hartrees (1 Hartree = 27.21 eV). The steps used in HF calculation starts 
with an initial guess for the orbital coefficients, usually using a semi-empirical method and this 
orbital function is used to calculate the energy and a new set of orbital coefficients, which can be 
used to obtain a new set, and so on. This procedure continues iteratively, until the energies and 
orbital coefficients remain constant from one iteration step to the next; this iterative procedure is 
called the SCF method.  The one-electron approximation discussed above need to be referred to 
determine the best one-electron wave function, Øi in order to calculate the energy and other 
related properties of the wavefunction.  To arrive at the energy of one electron wave function, it 
has to be started with writing the expectation value of the energy based on the time independent 
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Where Φ is the Slater determinant of the system under study, hl (i) is the one electron operator 







e2 , the two electron operator.  It is well known that the determinant is simply 
the linear combination of product wave functions.  Since the hl (i) operators affect only one 
function (the i
th




), and a number of 
integral will vanish from eq.20.  After a long derivation, the expression finally attains the total 













































in eq. 21.  This is because the first term of the double 
sum (the coulomb interaction) and the second term (the exchange interaction) are equal and 
cancel out if i=j.  Besides, the )(1 iV
eff
 potential indeed describes the interaction of an electron 
with the field of n-1 other electrons.  For finding the minimum of the energy expression described 
by equation 21, the following conditions need to satisfied ji  = ij  with the parameters ij , 
and add this to the above equation.  The following simple equation is obtained,  
         
j
jijiiF )(  i = 1,2,…..,n                    23 
Where n is the number of electrons and the Fock operator, F(i) has the following form: 
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The equation 22 is called the Hartree Fock equations. It is clear from equation 22 that the Fock 
operator, F itself contains the i functions that are to be evaluated.  Therefore, the HF equation 






















n , wave functions.  This 
procedure is repeated until convergence has been reached.  In other words, a self consistent field 
(SCF) is reached, and the algorithm is therefore, called the SCF procedure.  Despite the fact that 
one electron function,  , and the energy   have no physical meaning, they can be associated 
with a descriptive model called the molecular orbital model (MO model).  According to this 
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model, the one-electron functions, i , are called orbitals and the energy, i , associated with it 
are called orbital energies.  The list of filled one-electron orbitals is called the electron 
configuration and numbers of orbitals which are left vacant are called the virtual orbitals.      
Advantages 
 
The HF method breaks the many-electron Schrödinger equation into much simpler one electron 
equations. Each electron in the Schrödinger equation is solved to yield a single-electron wave 
function, called an orbital and its energy is called an orbital energy.  It has the following  
characteristics (i) It solves the Schrödinger equation from the first principles (ab initio) (ii) It uses 
self-consistent field, and it is variational (iii) Good base level theory for geometries and 
frequency calculation (iv) Relatively robust compared to the post HF methods.  It can also be 
used for computing the structures and vibrational frequencies of stable molecules and transition 
states of small molecules. 
Limitations 
The HF theory fails to adequately treat the electron correlation. In the SCF method, the electrons 
are assumed to be moving in an average potential of the other electrons and so the instantaneous 
position of an electron is not influenced by the presence of a neighboring electron. Neglect of 
electron correlation has been blamed for systematic HF errors such as under estimated bond 
lengths and overestimated vibrational frequencies of the molecules.   
2.4.1 ROOTHAN-HALL METHOD
32 
The basic principle of the Hartree-Fock method is to construct appropriate one-electron Ψi orbital 
functions and arrive their optimum forms using the variational principle.  The energy of a given 
electron in a molecular orbital of the molecule, i , is calculated as a function of the coefficients 








ik cHc          25  
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In order to calculate the H
eff
, an initial guess to the coefficients for the other molecular orbitals fi 
must be made.  Multiplying equation 25 by 
*
j where (j=1,2,3,…,N‟) and integrating yields the 
following expression.  
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The terms 
eff
jkH are called the Fock Matrix: 





jk HH                     27 
The terms Sjk are the overlap matrix.  
                                     Sjk = kj                28  
Using variational theory, the coefficients are optimized by taking the derivative of i with respect 
to each coefficient and setting it equal to zero.  The Roothan –Hall equations also have to be 
solved  iteratively as similar to the HF equations.  For the closed shell systems, the Roothan-hall 
equations can be applied by assigning the molecular orbitals in pairs.  However, for open shell 
systems which contain one or more unpaired electrons (e.g. molecules with double and triplet), it 
is not possible to assign the electrons to molecular orbitals in pairs.  Therefore, the Roothan-Hall 
equations have to be modified to be applicable to open shell systems and this can be arrived in 
two ways, 
(i) Restricted Hartree Fock Method  (ii) Unrestricted Hartree Fock Method 
2.4.2 RESTRICTED HARTREE FOCK METHOD  
A restricted Hartree-Fock calculation
33
 is commonly used for closed shell systems.  It forces each 
electron pair in a molecule to occupy a single molecular orbital.  RHF treatments of a closed-shell 
system will therefore, result in all doubly occupied molecular orbitals, whereas that of the open 
shell system will result in both singly and doubly occupied molecular orbitals.   Ground state 
energy for a closed shell system can be written as,   
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Where N is the number of MOs, Jij and Kij are the coulomb and exchange integrals, respectively.  
The corresponding n electron wave function is an eigenfunction of the total spin operator S
2
.  
2.5 ELECTRON CORRELATION  
HF theory provides an approximate solution to the Schrödinger equation by simplifying the wave 
function Ψ to a single Slater determinant.  Due to this simplification, it cannot adequately treat 
the correlated motion of the electrons that occurs due to electron-electron interactions within a 
molecular system, especially that arising between electrons of opposite spin.  It, however, 
accounts for correlation between the motions of electrons of same spin and the correlation is 
termed as an exchange correlation.  The difference between HF energy and the exact energy of a 
system is referred to as “correlation energy34”.  Any method which goes beyond SCF in 
attempting to treat the electron correlation properly is known as electron correlation method or a 
post-SCF method.  Almost all the post SCF methods, such as configuration interaction (CI), 
coupled cluster (CC), Møller-plesset method, multi-reference configuration interaction (MRCI), 
multi-configuration self consistent field (MCSF) and complete active space self consistent field 
(CASSF), use one of the following approaches to improve the wave function: (i) optimizing only 
the coefficients of the Slater determinant (ii) optimizing both the coefficients of the Slater 
determinants and the coefficients of the one-electron wave functions forming the Slater 
determinant.   
2.5.1 MøLLER-PLESSET METHOD  
Møller-plesset uses perturbation theory to treat the electron correlation in a many electron system.  
The many body møller-plesset
35
 method has a unique advantage that it is a computationally faster 
approach than the CI computations; however, the disadvantage is that it is not variational. In 
general a non-variational result is not an upper bound of the true ground-state energy.  In the 
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Møller-Plesset method, the zero order Hamiltonian is defined as the sum of all the N one electron 
Hartree Fock Hamiltonians and it is given as follows, 









                            30 
In the Moller-Plesset scheme, the wave function and the energy are expanded in the power series 
of the perturbation. It is easily shown that the HF energy is correct for first order; thus 
perturbation energies start contributing from second order. The common notation used to indicate 








39, ……denote the total energies 
correct to second, third, fourth order, respectively.  A major advantage of these methods is that 
they are not iterative unlike configuration interaction or coupled cluster theories; however, these 
terms can be evaluated using matrix operations and can be vectorized effectively on super 
computers. Application of electron correlation differs from both the Møller-Plesset and the 
Configuration Interaction (CI) model.  In the CI method, the electron correlation is considered as 
the linear combination of HF ground state wave functions with a large number of excited state 
configurations, whereas in MP method, perturbation theory is used to correct the electron 
correlation in many electron systems. In Møller Plesset methods correlated calculations are 
mostly done with frozen core approximations, and thereby it considers only valence electrons for 
the electron correlation. The most significant advantage of using the correlated model is to obtain 
reliable thermodynamic information.   
2.6 DENSITY FUNCTIONAL THEORY 
40 
 
All ab initio methods start with a Hartree Fock (HF) approximation results in the spin orbitals, 
and thereafter electron correlation is taken into account.  Though the results of such calculations 
are reliable, the major disadvantage is that they are computationally intensive and cannot be 
readily applied to large molecule of interest.  Density Functional (DFT) methods provide an 
alternate route to obtain results comparable to CISD and MP2 computational methods; however, 
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the difference is that DFT computations can be easily done on molecules with 100 or heavier 
atoms.  In HF models, the computation begins with an exact Hamiltonian but an approximate 
wavefunction written as a product of one-electron functions.  The solution is improved by 
optimizing the one-electron functions (the value and number of coefficients in the LCAO 
approximation) and by increasing the flexibility of the final wave function representation 
(electron correlation).  By contrast Density Functional models start with a Hamiltonian 
corresponding to an “idealized” many electron system for which an exact wave function is 
known.  The solution is obtained by optimizing the ideal system closer and closer to the real 
system.  In the HF models, the energy of the system E
HF
 is written as follows,  
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The E
core 
is the energy of the single electron with the nucleus.  The E
nuclear 
energy is the repulsion 
between the nuclei for a given nuclear configuration.  The term C
oulomb
 is the correlation energy of 
the electrons.  The last term, E
exchange,
 takes the spin-correlation into account.  In DFT models, the 
energy of the system is comprised of the same core, nuclear and coulomb parts, but the exchange 
energy along with correlation energy, EXC(ρ), is accounted in terms of a function of the electron 









 + EXC[ρ]    32 
In the simplest approach, called local density functional theory, the exchange and correlation 
energy is determined as an integral part of some function of the total electron density.  
 drrrE XCxc )]([)(        33  
The electron density matrix )(r , is determined from the Kohn-Sham orbitals, Ψi, as given in 
the following expression for system with N electrons.   








ir      34 
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The term )]([ rXC   is the exchange-correlation energy per electron in a homogenous electron 
gas of constant density.  The Kohn-Sham wave functions are determined from the Kohn-Sham 
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The terms εi are the Kohn-Sham orbital energies.  The correlation exchange potential, VXC  is the 
functional derivative of the exchange-correlation energy.   
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If, EXC  is known then, VXC can be computed.  The Kohn-Sham
41
 equations are solved in a self-
consistent field fashion.  Initially, a charge density is needed, so that EXC can be computed.  To 
obtain the charge density, an initial „guess‟ to the Kohn-Sham orbitals is inevitable, and it can be 
obtained from a set of basis functions whereby the coefficients of expansion of the basis functions 
can be optimized like in the HF method.  From the function of EXC in terms of the density, the 
term of VXC can be computed.  The Kohn-Sham equations (equation-35) are then solved to obtain 
improved set of Kohn-Sham orbitals and then it used to calculate a better electron density.  This 
iterative process is repeated until the exchange-correlation energy, and the density converge to 
within a tolerance limit.  A common type of local density functional Hamiltonian is the SVWN. 
The local density functional theory represents a severe approximation for molecular systems, 
since it assumes a uniform total electron density throughout the molecular system.  Other 
approaches have been developed on the basis of variation in total electron density (non-local 
density functional theory).  This is done by having the functions depend explicitly on the gradient 
of the density in addition to the density itself. The basis of the DFT is that the energy of a 
molecule can be determined from the electron density instead of a wave function. The two 




 Kohn theorem states that the exact ground state energy of a molecular 
system is a function only of the electron density and the nuclei at fixed position. DFT methods are 
attractive because they include the effects of electron correlation – the fact that electrons in a 
molecular system react to one another‟s motion and attempt to keep out of one another‟s way in 
their model. Thus DFT methods can provide the benefits of some more expensive ab initio 
methods at essentially HF cost.  
A wide variety of a gradient corrected density functional methods
 
have been developed, and it is 
successful for a range of molecular problems including binding energies of the molecules. The 
DFT functional partition the electronic energy into several components and compute it separately 
in its calculation.  The components which arise from the DFT functional are (i) the kinetic energy, 
(ii) the electron-nuclear interaction, the coulomb repulsion and (iii) an exchange correlation term. 
The exchange correlation term plays a kernel role in DFT, because this term, which accounts for 
electron-electron interaction and which itself divided into separate exchange and correlation 
components in DFT formulations. There are a variety of functionals have been defined, which are 
generally classified on the basis of the way of treating the exchange and correlation components, 
and it has been classified into two types (i) Local DFT methods (ii) Non-local or Gradient-
Corrected DFT methods.   
2.6.1 LOCAL DFT METHODS 
The local DFT methods based on the local density approximation (LDA)
43
 approximates EXC[ρ] is 
as follows,  
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The simplest approximation to the complete problem is based on the electron density called a 
(LDA).  The LDA approximation has widely been used for bond structure calculation; their 
performance is less impressive for molecular calculations.  
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2.6.2 NON-LOCAL (OR) GRADIENT CORRECTED METHODS  
A more complex set of functional utilizes the electron density and its gradient; these are called 
gradient corrected methods. Such a functional (B-LYP and B-P86 methods) are referred to as 
generalized gradient approximation (GGA) functional in the literature.   
       
  drrrrE XC
NL
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The gradient corrected density functional method BLYP is capable of predicting intermolecular 
bond dissociation within a few kJ/mol, however, it under estimates the activation barriers for 
some reactions by neglecting the coulomb „self-interaction‟ of the electrons. This problem is 
circumvented in hybrid method.  
2.6.3 HYBRID DFT METHOD 
 
Hybrid functionals are those which combine HF self interaction corrections with density 
functional exchange and correlation terms. This exchange functional is then combined with a 
local or gradient-corrected functional and it performs hybrid calculations. The most widely used 







 are gradient –corrected correlation functionals of Perdew and 
Wang and LYP as Lee, Yang and Parr.  The three-parameter mixing scheme proposed by Becke 
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The correlation functional Becke used in his original paper is PW91.  B3LYP is most widely used 
for molecular calculation of large molecules.  Besides, the currently DFT results have been good 
for organic molecules.  The hybrid funcitonals have perform substantially better than the local 
density approximation (LDA) or the generalized gradient approximation (GGA) approaches in 




2.7 SOLVATION MODEL  
Most of the chemical reactions in the chemistry take place in the solution phase.  Therefore, 
significant effort has been devoted in the area of computational chemistry to model reactions in 
the presence of  solvent medium.  The study of solvent effect is quite complex because it involves 
both the intricate details of intermolecular interactions and details of the solvent structure.  The 
solvent structure depends on the intermolecular forces and the entropy of the system.  Solvent 
effects are often studied for two main reasons: to determine the solvent structure and to model its 
effect on nonstructural properties of solution.  Description of solvation requires the application of 
both quantum chemical and statistical mechanical techniques.   
2.7.1 SOLVENT/SOLUTE DESCRIPTOR MODELS  
The descriptor models express an observed property γ as the sum 
i
iidD , where the sum 
is over a selected list of molecular properties of di of the solute ( the solute descriptor) and Di is 
the solvents susceptibility to that property (the solvent descriptor).  Some of the commonly used 
solvent descriptors include the solvent polarity, polarizibality, gutmann‟s hydrogen-bond donor 
number DN and hydrogen-bond acceptor number AN of Mayer
47
.   
2.7.2 STATISTICAL MODEL   
Statistical mechanics offers many techniques for the simplification of problems involving solute-
solvent interactions.  These usually involve the introduction of the suitable analytical model for 
the solvent and the yield solutions which relate the observed macroscopic properties of the 
solvent and solute.  
2.7.3 MOLECULAR SIMULATIONS  
In these approaches, the solvent is explicitly represented as individual molecules, allowing the 
most complete description of the solvent-solute interaction.  Solvent effect studies via computer 
simulations often focus on the change in the geometry of the solute upon solvation; more subtle 
effects, such as solvation effects on the spectroscopy of the solute, are often studied through the 
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2.7.4 POLARIZABLE CONTINUUM MODEL (PCM) 
Accurate ab initio calculation of solvation free energy requires use of a molecular shape more 
realistic than the spherical or ellipsoidal shapes.  PCM model is a continuum model developed by 
tomasi
49
 and it considers the solvent as a dielectric continuum and the solute as a molecule 
imbedded in the cavity of continuum. In the PCM model, each atomic nucleus in the solute 
molecule M is surrounded by a sphere of radius 1.2 times the vander Waals radii of that atom.  It 
defines the cavity as the volume occupied by the series of overlapping atomic spheres.  Due to the 
non-analytical nature of the cavity shapes in the PCM approach, it is essential to calculate the 
solvent-solute interaction potential energy by a numerical method.   There are two more 
isodensity surface based SCRF models also use a numerical representation of the solvent field, 
which are IPCM and SCIPCM models.   
IPCM MODEL: The isodensity polarizable continuum model is a modification of the PCM that 
defines the surface of the molecular cavity as a contour surface of constant electron probability 
density of the solute molecules.  This isodensity is then determined by an iterative process in 
which an SCF cycle is performed and converged using the current isodensity cavity.  The 
resultant wave function is then used to compute an updated iso density surface and the iterative 
cycle is repeated until the cavity shape no longer changes upon completion of the SCF.   
SCIPCM MODEL:  The self consistent isodensity PCM method is a refinement of the IPCM 
method, which allows the geometry optimization and vibrational-frequency calculations to be 
done for the solute molecule in solution.  This procedure solves for the electron density which 
minimizes the energy including the solvation energy.  In other words, the effect of solvation are 
folded into the iterative SCF computation rather than comprising the extra step. Thus SCI-PCM 
accounts for the full coupling between the cavity and the electron density and includes the 
coupling terms that IPCM model neglects.   
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2.7.5 COSMO & CONDUCTOR LIKE PCM MODEL (CPCM) 
Many chemical and biological reactions occur in aqueous phase, where the polar and ionic 
interactions are much more favorable than in the gas phase.  Many efforts have been devoted to 
the development of various methods to compute reaction barriers and energetics accordingly in 
condensed phases with an experimental accuracy
50
.  However, with high level quantum 
mechanics, only a limited number of solvent molecules can be included explicitly due to the high 
cost of the calculations.  One of the most successful solvation model is the conductor-like 
polarizable continuum model (CPCM)
51,52
. The solvation models described above does not 
provide a realistic picture of solute-solvent interactions because of the assumptions of a pre-
defined shape such as the sphere or a set of overlapping spheres for the solute cavity.  To 
surmount this set back, the conductor like polarized continuum model C-PCM was developed.  
The COSMO (conductor like solvation model) resembles the PCM method in using a realistic 
solute-molecule shape and uses surface charges on the cavity surface around the solute molecule, 
but these charges are initially calculated using a condition suitable for a solvent medium that is an 
electrical conductor rather than a dielectric. This makes COSMO method finding charges 
computationally fast.  A particular implementation of COSMO that allows efficient geometry 
optimization in solution is called C–PCM . 
2.7.6 CLUSTER CONTINUUM SOLVATION MODEL  
Solvation plays a central role in a wide variety of the chemical process especially in ionic 
systems.  In ionic systems, solvent effects have a considerable influence on the rate and 
equilibrium of chemical reactions.  Therefore, theoretical modeling of liquid–phase chemical 
reaction must include the solvent effect to predict the feasibility of the reactions.  To attain this 
goal, it is inevitable to develop theoretical methods with the capability of predicting accurate 
values of solvation free energies.  Liquid simulations are regarded as the most accurate approach 
to solve this problem because solvent molecules are explicitly included and good accuracy can be 
obtained with help of an adequate intermolecular-potential.  The continuum based or implicit 
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solvation models constitute attractive alternatives, and its simplicity makes these methods most 
widely used approaches today
53-57






 consider the 
solvent as dielectric continuum and the solute as a molecule embedded in a cavity in the 
continuum.  Nevertheless, this relatively simple treatment of the continuum solvent model ignores 
the non-electrostatic interaction between solvent and solute and has its own limitations.  A new 
approach that improves part of the continuum deficiency consists of adding explicitly some 
solvent molecules to interact with the solute.  This super molecule is then embedded in the 
dielectric continuum.  Such a method has been used by several authors under different titles like 
discerete-continuum
59-64
 and dielectric continuum
65,66
.   Cluster-continuum
67,68
 model is a hybrid 
approach, and it uses a combination of explicit solvent molecules and the solvent model.  The 
polarizable continuum model (PCM) method is proposed for the calculation of the solvation 
thermodynamic properties of ions.  Its calculations based on two assumptions (i) the cluster is 
considered to be a rigid species have harmonic vibration motion and the energetics associated 
with its formation are determined from ab initio calculations; (ii) the solvation free energies of 
the cluster and of the solvent molecules are then determined by a continuum model.  The 
conductor-PCM model has been utilized for the second part of the computations in this study. 
This cluster continuum model has been employed for calculation of the solvation free energy of 
all the ionic systems and complexes studied in this thesis.  The cluster–continuum model consists 
of a process in which ion 
A  first interacts with n solvent molecules S to form a cluster, 
nSA )(

and this cluster in then solvated by the bulk solvent to yield ).()( solnSA

 The formal 
process can be represented by eq. 40, where clustering occurs with nS solvent molecules initially 
solvated by the overall solvent.   
)()()( )( solnsolg SAnSA
        *RG                                                         40 
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The corresponding free energy for the process 1 can then be written in terms of the chemical 
potentials for the different gas-phase species and the solvation energies of the n solvent molecules 
and of the cluster itself: 
)()(())(( **** SGnSAGSAGG solvnsolvnclustR 

                   41 
Here, ))((* nclust SAG
 stands for the clustering free energy (1 mol L-1 standard state) in the 
gas phase and 
)()())(()(( **** SnASASAG ggngnclust  

                          42 
Then the solvation free energy of 
A  can be written as  
]ln[)()(()(()( **** solsolvsolvnclustsolv SnRTSGnSAGSAGAG 

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Hence, according to the equation 42, the solvation free energy of 
A  in the cluster–continuum 
model can be obtained from the clustering free energy, solvation free energy of the cluster and the 
solvation free energy and concentration of the solvent.  Equation 43 can be rewritten in terms of 
clustering free energy using the 1 atom standard state )))((( n
o
clust SAG
 and the vaporization 





                   44 
The vaporization free energy is defined by  
)()()( SSSG sol
o
gvap                                                                               45 
)](
* ln[]ln[)()( solsolvvap SRTTRRTSGSG 

                                 46 
Combination of equations 44, 45 and 46 results in the following equation 
              




                 47 
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Finally, equation 47 shows that the solvation free energy of the 
A  ion in the cluster–continuum 
model can be calculated from the gas-phase clustering free energy at 1 atm, the solvation free 
energy of the cluster, and the vaporization free energy of the solvent.   
2.8 BASIS SETS 
In general, a basis set is a mathematical description of the orbitals within a molecular system used 
to perform quantum chemical calculation by solving the differential equation.  The molecular 
orbitals Ψi in a Hartree Fock treatment are expressed as a linear combination of pre-defined set of 
one-electron functions or N nuclear centered functions known as basis functions   (μ=1,2,…N), 






           48 
Basis sets assign a group of basis functions to each atom within a molecule to approximate its 
orbitals.  Mostly widely Slater type functions have been used.  Later, to improve the molecular 
integral calculations Boys
69
 introduced the use of Gaussian type functions (GTF) instead of Slater 
type (STO) for the electronic orbital in LCAO wave function.  The Slater-type (STOs) is 
characterized by the exponential factor exp(- )( r  and are represented by the following 
expression:  
       )exp(),,( rzyxN ji           49 
STOs provide a very good representation of atomic orbitals because they possess a cusp at the 
nucleus.  It is however, very difficult to evaluate the two-electron integrals using STOs.  
Gaussian-type functions (GTFs) are characterized by the exponential factor exp (-αr2) and are 
represented by the following expression, 
        )exp(),,( 2rzyxN ji         50 
Even though the GTFs do not represent atomic orbitals as well as STOs, they are widely used 
because the evaluation of two-electron integrals is easier GTFs.  On account of the ease of 
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calculating two-electron integrals with GTFs, most ab initio electronic structure programs use 
GTFs rather than the STOs basis functions.  In order to provide improved descriptions, the 
individual basis functions in a Gaussian basis set are often taken as a linear combination of GTFs 
                
k
kk gd             51 
Where the coefficients dμk are fixed and the individual functions gk are all of the same types.  
Such basis functions øμ are known as contracted Gaussians and individual Gaussian functions gk 
are known as primitives. A basis function consisting of a single Gaussian function is referred to 
as “uncontracted”. Gaussian offers a wide range of pre-defined basis sets, which may be 
classified by the number and types of gaussian functions, as follows, (i) Minimal basis set (ii) 
Split valence basis set  (iii) Polarized basis set (iv) Diffuse function. 
2.8.1 MINIMAL BASIS SETS 
 
Minimal basis set contains the minimum number of AO basis functions which, needed to describe 
each atom, while maintaining the overall spherical symmetry.  Minimal basis set use fixed 
atomic-type orbitals. The most widely used minimal basis set is STO-3G
70
, which uses three 
Gaussian primitives (3G) per basis functions.  “STO” stands for Slater-type atomic orbitals and 
STO-3G basis set approximates the Slater-type using three Gaussian primitives.  An example of 
the atomic orbitals required by a minimal basis set for hydrogen and carbon atom have been 
shown below 
Hydrogen (H): 1s 
Carbon (C)     : 1s, 2s, 2pX, 2py, 2pz 
2.8.2 SPILIT VALENCE BASIS SETS 
In split valence basis sets, additional basis functions (one contracted Gaussian plus some 
primitive Gaussians) are allocated to each valence atomic orbital. The resultant linear 
combination allows the atomic orbitals to adjust independently for a given molecular system. 
Split valence basis sets are characterized by the number of functions assigned to valence orbitals. 
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A basis set obtained by doubling all the functions of a minimal basis set referred to as a “double-
zeta” basis set.  An example of a double-zeta basis set is the Dunning-Huzinaga71 basis set (D95), 
in which all the molecular orbitals are formed by a linear combination of two different functions 
for each atomic orbital.  A much simpler way of extending a basis set is to double the valence 
functions of a minimal basis set.  Such a basis set is known as “split-valence” basis set in general 
and a “double split valence” in particular.  Commonly used double split-valence basis sets are 3-
21G and 6-31G and these basis sets have two or more sizes of basis functions for each valence 
orbital.  For example, Hydrogen and Carbon can be represented as follows,  
H: 1s, 1s 
 
C: 1s, 2s, 2s‟, 2px, 2px‟, 2py, 2py‟, 2pz, 2pz 
 
2.8.3 POLARIZED BASIS SETS 
Split valence basis set allow orbitals to change size, but it does not allow to changing shape.  
Polarized basis set removes this limitation by adding orbitals with an angular momentum beyond 
what is required for the ground state description of each atom.  In order to allow for smaller 
displacements, the center of electronic charge is placed away from the nuclear positions.  Hence, 
it is necessary to include functions of the higher quantum number (d-type functions on heavy 
atoms and p-type functions on hydrogen and f functions to transition metals) in the basis set and 
these are termed as polarization functions.  The most commonly used polarized basis set, 6-
31G(d) also represented as (6-31g*) is formed by adding d function to all the heavy atoms.  Other 
widely basis set 6-31G(d,p), also represented as (6-31G**) is formed from the 6-31G(d) basis set 
by adding p functions to hydrogen atoms.  The primary purpose of polarization function is to give 
additional angular flexibility to the LCAO-MO process in forming the valence molecular 
orbitals
72
. Polarization functions are essential in strained ring compounds because they provide 
the angular flexibility needed to direct the electron density into regions between bonded atoms.  
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The addition of p orbitals to hydrogen is particularly important in systems having hydrogen 
bridging atom.     
2.8.4 DIFFUSE BASIS SETS  
 
Species with significant electron density far away from the nuclear centers (e.g anions, lone pairs, 
and excited states) require diffuse functions to account for the outer most weakly bound electrons. 
They allow orbitals to occupy a larger region of space. Diffuse basis sets are recommended for 
calculations of electron affinities, proton affinities, inversion barriers and bond angles in anions.  
The 6-31+G(d)
73
 basis set is an example of diffuse function basis set.  It is formed by addition of 
diffuse s- and p- type Gaussian functions to non-hydrogen atoms, and it is denoted by plus + sign 
as indicated in the 6-31+G(d) basis set. Further addition of diffuse functions to both hydrogen and 
larger atoms is indicated by double plus 6-31++G(d).  
2.8.5 HIGH ANGULAR MOMENTUM BASIS SETS 
 
High angular momentum basis sets
74
 consists of split valence basis-set plus polarization and 
diffuse functions. Larger basis sets add multiple polarization function per atom to the triple zeta 
basis set. Multiple polarizations are now practical for many systems and although not generally 
required for a HF calculation, multiple polarization functions are useful for describing the 
interactions between electrons in electron correlation methods. The examples of high angular 
momentum basis set are as follows  
(i) 6-31G (2d) – In this basis set two d functions are added to heavy atoms. 
(ii) 6-311G (2df, pd) – Besides the (311) valence functions two d functions and one f 
functions are added to heavy atoms, p and d function are added to the hydrogen atom.  
 
High angular momentum basis sets augmented with diffuse functions represent the most 
sophisticated basis sets available in the Gaussian program.  High accurate ab initio calculation 
would be produced by using reasonably sophisticated polarized split-valence basis sets 
augmented with high angular momentum and diffuse atomic orbitals.  
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CHAPTER  3 
CATALYTIC MECHANISM OF SIALIDASE ENZYME 
 
3.0 INTRODUCTION  
 
Molecular modeling study has been used to investigate the mechanism of sialidase enzyme 
catalysis.  Sialidases are a family of glycohydrolases, found in many organisms which, catalyze 
the cleavage of terminal sialic acids which are linked α-ketosidically to glycol-conjugates75.  
Sialidase is an enzyme made up of four identical sub units that are connected to the viral 
membrane
76
.    The significance of sialidase action is that it assists in the movement of virus 
particles as well as in the release of viron progeny from infected cells
77
.   The structural 
determination of sialidase greatly helps to determine the interaction of receptor with its binding 
pockets. Functional and structural information about the sialidase enzyme is vital in the discovery 




Figure-1, Sialosyl cationic intermediate 
The catalytic pathway of sialidase consists of four major steps.  The first step is the binding and it 
involves in the change of conformation of the pyranose ring.  The second step of the catalytic 
reaction is protonation and subsequent formation of the sialosyl cationic intermediate. This 
validates that the enzyme mechanism proceeds via the formation of the cationic intermediate that 
adopts a half-chair conformation
79
.   A water molecule then reacts with the sialosyl cation to 
stabilize the cationic intermediate and it is schematically shown in figure-2(d).  The cationic 
intermediate is then stabilized by electrostatic interaction with phenol and acetate anion in the 
 35 
aqueous environment.  Final steps of the enzyme mechanism involves in the formation of adduct 
and release of sialic acid. This mechanism is further confirmed by the computer graphics study of 
the sialidase active site and it proves that the positive charge of the cation intermediate is 
stabilized by the neighboring carboxylates, in particular acetate ion.
80  
The proposed detailed 
mechanism of the sialidase enzyme catalysis is shown in the figure-2(a)-2(h).  This ab initio 
mechanistic study of sialidase enzyme is useful to determine the structure of carbocation 
intermediate and it helps in the development of sialidase inhibitors.   
3.1 METHOD OF CALCULATION 
The initial structure of sialic acid is obtained from the crystal structure of neuraminidase with 
PDB code of MW21
81
.   The structures were further refined and hydrogen atoms were added by 
the guassian program.  The amino acid residue like methyl arginine, tyrosine and gluttamic acid 
in the active site of neuraminidase were modeled as a protonated methyl guandino, phenol and 
acetate ion respectively in this ab initio investigation.  Ab initio calculation can be used to 
compute the Gibbs free energy of reactants and the Gibbs free energy of the transition state.  The 
difference in the free energies is the Gibbs free energy of activation and the reaction energy 
barrier is also computed in similar way.  This may then be used in conjunction with transition 
state theory to obtain a rate coefficient for the elementary process that leads from the reactants 
over the transition state and then onto the products.  Hence in this way the calculated values of 
reaction kinetics can be related to the experiment.  The different conformation of sialyate 
compound such as boat form, chair form and cationic intermediate were modeled according to the 
proposed mechanism
82
.   All the above stated model compounds and sialyate derivatives were 
optimized using the RHF/6-31G level of theory to obtain the minimum energy structure using the 
Gaussian ‟03 suite programs.  Single point energy calculations were performed for the optimized 
structure using the RHF/6-31G level of theory.  All the energies reported in this study were 
calculated at room temperature and computed the reaction barrier for different catalytic steps. 
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3.2 RESULTS & DISCUSSION (STEP-I) (Binding)  
The first step of the mechanism is the binding of sialidase with the methyl guandino and this 
binding cause‟s a transformation of chair form to the boat conformation and it is shown in the 
figure-2(a).   The transformation of the chair form to boat form requires the energy barrier of 3.04 
kcal/mol.  Hence, binding pays the penalty of 3.04 kcal/mol to attain the boat conformation from 
its equilibrium structure.  The binding energy of the boat conformation of the sialylate ion with 
protonated methyl guandino is 105.20 kcal/mol.  However, the chair conformation of silaylate 
with the protonated methyl guandino yields a binding energy of 101.56 kcal/mol.   
 
Figure-2(a) Binding  
It is apparent from the energetic data that there is an energy difference of 3.74 kcal/mol between 
the chair and boat forms in binding with the methyl guandino. It is noted that the boat form is 
more stable and preferentially binds with the protonated methyl guandino.  Initial binding of 
sialylate with protonated methyl guandino places the positive charge density of 0.526 on the 
alpha carbon atom C2 and electronic charge density of -0.766 on the O15 and this charge 
distribution reveals that C2–O15 of the cyclic ring is highly polarized and possesses a bond 
distance of 1.424 Å.  The hydroxyl group is bonded with the alpha carbon C2 at 1.411Å and 
hence, protonation is easier for this hydroxyl group. The hydrogen bonded network of water 
molecules and charged protein residues present near the functional sites of sialyate complex 
facilitates the proton donation to form the protonated complex.  
3.3 CATALYTIC STEP II (Protonation) 
The second step of sialidase catalysis is the protonation of the sialyate-guandino complex and it is 
shown in figure-2(b).  The protonation occurs at the C2 alkoxy group of sialyate complex very 
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easily with the energy of -235.44 kcal/mol and this indicates that the protonoation of C2 alkoxy 
group acquires proton from the solvent very easily.  The binding energy of protonated sialy-
guandino complex is 45.40 kcal/mol.  This discloses that the protonated form has a very poor 
binding affinity.  The protonated form of sialyate-guandino complex shortens the C2-O15 bond 
length from 1.424Å to 1.381Å and thereby it favors the formation of a sialosyl cation 
intermediate.   
 
Figure – 2(b) Protonation  
The protonation increases the positive charge density on the C2 from 0.526 to 0.541 and 
decreases the electronic charge density on the O15 oxygen atom from   -0.766  to -0.708.  The 
electronic charge distribution of C2–O15 increases the polarization of the complex and thus it 
eases the cationic intermediate formation. Protonation requires a least energy in the catalytic 
reaction and placed at the bottom of the relative energy profile with the energy of -235.44 
kcal/mol.   
3.4 CATALYTIC STEP III (Cleavage) 
The third step of sialidase catalysis involves in the cleavage and subsequent formation of cation 
intermediate and it is schematically shown in the figure-2(c).  The protonated alkoxy group at the 
C2 position cleaves the –ROH group and forms cationic intermediate with the half chair 
conformation.  The relative energy profile diagram in figure 3 shows that the cationic 
intermediate formation occurs at -196 kcal/mol and it discloses that the reaction barrier for the 
formation of cationic intermediate is 39 kcal/mol. This conformation provides an equal 
magnitude of positive charge density of 0.645 on the alpha carbon atom C2 and electronic charge 
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density of -0.660 on theO15 oxygen atom.  An equal charge distribution of the C2 and O15 atom 
shortens the bond distance from 1.38Å to 1.255Å and it eventually forms the double bond. 
 
Figure – 2(c) Cleavage and cationic intermediate formation 
The double bond between C2=O15 makes the pyranose ring more planar and this transforms the 
boat conformation to half chair conformation.  In theory, the compounds that closely resemble the 
transition-state structure have higher binding affinity towards the receptor and hence, the 
structure of this cationic intermediate could greatly influence the design of antiviral inhibitors.  It 
further implies that the formation one conjugation bond in the six member cyclic ring will 
promotes the development of antiviral inhibitors.   
3.5 STEP IV (Mediated by the water molecule)  
The fourth step of the sialidase catalysis is the mediation of water molecule by the cationic 
intermediate.  The alpha carbon at the C2 position mediates and stabilizes the cationic 
intermediate by the non-bonded interaction with the higher electron density -0.895 oxygen of the 
water molecule and it is depicted in the figure 2(d). The energy barrier for this water mediated 
step is 30 kcal/mol.  The relative energy change for this step is -166 kcal\mol and it is depicted in 
the figure 3.    
 
Figure  2(d) Cationic intermediate mediated by water molecule  
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The reaction energy barrier for the cationic intermediate mediated by the water molecule is 
relatively low, when compared to the step-III of nascent cationic intermediate formation. The 
binding energy of cation intermediate mediated by water molecule with the protonated methyl 
guandino complex is 67.22 kcal/mol.; which, is 36.43 kcal/mol higher than the nascent cationic 
intermediate and thus it supports the fact that the water molecule stabilizes the intermediate.  The 
formation of double between C2=O15 plays a vital role in the cationic intermediate and thereby it 
removes the ring strain and favors the planar configuration.  The boat form of sialyl complex has 
C2–O15 bond length of 1.424Å and upon cleavage, it undergoes shrinkage of C2–O15 bond 
length from l.424 Å to 1.263Å.   The protonated sialyate complex has the C–O bond length of 
1.381Å and this clearly indicates tha t theprotonated form is the prior conformation of sialosyl 
cation intermediate.   The relative energy reaction barrier between the cationic complex form and 
the water mediated cationic form is 9 kcal/mol and this authenticates that the enzyme catalytic 
path is mediated by the water molecule  
3.6 CATALYTIC STEP V (Electrostatic Interaction)  
 
The water stabilized sialosyl cation intermediate establishes an electrostatic interaction with the 
phenol in the fifth step of the catalytic path and it is shown in the figure-2(e).  The crystal 
structure of neuraminidase enzyme reveals that the tyrosine residue is bonded to the endocyclic 
oxygen O15.  
 
Figure – 2(e) Electrostatic interaction with phenol  
In this mechanistic study, phenol is treated as the model of tyrosine residue.  Therefore, the 
phenol present near the endocyclic oxygen O15 of the cationic intermediate forms electrostatic 
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intermolecular hydrogen bond 2.19Å with the oxygen atom of the ring. An electrostatic 
interaction of phenol with O15 oxygen places the reaction energy barrier of 53 kcal/mol.  
However, the relative energy change for this reaction is -113 kcal/mol and it reveals that the 
electrostatic interaction with phenol occurs at a higher reaction barrier than the previous steps.  A 
higher reaction energy barrier is due to polarization between C2-O15 bonding present in the ring 
and as a result it fails to interact strongly with phenol.   Electrostatic interaction places positive 
charge density of 0.665 on the C2 carbon atom and electronic charge density of -0.694 on the 
oxygen O15 and this eventually increases the polarization of the compound.  As a result of O15 
atom forms an electrostatic interaction with the phenol; the C2=O15 bond distances decreases and 
accounts for structural distortion and more non-planarity of the structure.   
3.7 CATALYTIC STEP VI (Adduct) 
The sixth step of catalytic path involves in the formation of adduct with the acetate ion and the 
adduct formation is shown in the figure-2(f).  In addition to the electrostatic interaction with the 
phenol, the acetate ion present in the charged species environment forms an intermolecular 
hydrogen bond with the C4 hydroxyl group of the cationic intermediate and the hydrogen of 
water molecule, which then mediates the cationic intermediate.   Acetate ion is treated as the 
model of gluttamic acid in the sialidase enzyme mechanism and it interacts with cationic 
intermediate, forms an adduct.  The adduct formation with acetate ion occurs at the lower energy 
of -103 kcal/mol with  negligible reaction barrier and the relative energy change for this step 
occurs at -216 kcal/mol and it is depicted in the figure-3.  Next to the protonation step the adduct 
formation occurs at the lower energy and thereby it reveals that the hydrogen bonded interaction 
with cationic intermediate is very weak.  The adduct formation further destabilizes the cationic 
complex and hence, the cationic complex will tend to attain more stable configuration to strongly 




Figure 3 Relative energies of catalytic reaction in kcal/mol 
Figure  2(f) Adduct formation. 
3.8 CATALYTIC STEP VII (Retaining Boat configuration)  
The seventh step consists of retaining the boat configuration of sialyate ion. Sialyate adduct 
complex transforms from the half chair cationic complex into its stable boat form complex and 
this transformation is shown in the figure 2(g).  The transformation of adduct intermediate to 
stable sialyate boat complex steeply increases the energy from -216 kcal/mol to 254 kcal/mol and 
thereby it places the overall reaction energy barrier of 38 kcal/mol.  Hence, the relative energy 
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profile in figure-3, predicts that the cleavage of –ROH group and subsequent formation of sialic 
acid requires the energy of 38 kcal/mol.   
 
Figure – 2(g) Retaining the boat conformation  
There is no water molecule present near the C2 hydroxyl group in the boat form and therefore, the 
acetate ion interact with the sialyate complex stronger than in the cationic form.  The acetate ion 
forms hydrogen bond 1.497Å and 1.898Å with C2 & C4 hydroxyl group.   Likewise, the 
electrostatic hydrogen bonded interaction with phenol also higher than that of the cationic 
intermediate.  Stable boat configuration replaces the double bond of C2=O16 in the cationic 
intermediate into single bond C2–O16 with the bond distance of 1.497Å towards more flexible 
configuration.  The flexible nature of boat form and polarization between C2–O15; decreases the 
interaction with the receptor and consequently favors the sialic acid formation.    
3.9 CATALYTIC STEP VIII 
 
Figure – 2(h) Formation of sialic acid 
 43 
The eighth step consists of attaining the boat form of sialyate complex without the receptors.  As 
mentioned previously that the polarized C2–O15 undermines the receptor interaction with 
complex and as a result it forms boat conformation of sialyate complex.  The catalytic path of this 
reaction decreases the energy barrier to -38 kcal/mol and it eventually attains the equilibrium 
structure. At the equilibrium position the boat form of sialyate complex transforms to the chair 
form of sialic acid and it is shown in the figure-2(h).  The chair form of sialic acid remains in 
dynamic equilibrium between axial and equatorial position of hydroxyl and carboxylate group at 
the C2 anomeric carbon.  Thus formed sialic acid proceeds further to infect the cells and thus 
promotes the proliferation of the infection.  The sialidase inhibitors with more biding affinity than 



















Molecular modeling and ab initio investigation of the sialidase catalytic mechanism reveals that 
the mechanism proceeds via the formation of cationic intermediate.  The energy barrier for the 
catalytic reaction of cleavage and formation of sialic acid is 38 kcal/mol.   Detailed enzyme 
mechanism has been elucidated and it involves in following catalytic steps (i) binding with the 
methyl guandino; while binding the chair form transforms to the boat conformation. (ii) 
protonation of –OR group of the sialyate complex  (iii) cleavage of –ROH group and subsequent 
formation of the cationic intermediate. (iv) cationic intermediate mediated by the water molecule  
(v) cationic complex establishes electrostatic interaction with the phenol (vi) formation of adduct 
with the acetate ion (vii) the unstable adduct intermediate transforms into the more stable boat 
complex (viii) the formation of sialic acid product . The polarized C2=O15 of the cation 
intermediate establishes an electrostatic interaction with the charged species in the vicinal 
environment to stabilize the cationic complex.  Besides, the catalytic study proves that there is no 
space for the formation of covalent intermediate during the catalytic process. Finally the ab initio 
investigation of sialidase enzyme mechanism determines the structure of cationic intermediate 
and the compounds that are analogs of cationic intermediate could significantly aid in the design 












CLUSTER CONTINUUM INVESTIGATION OF SIALYATE COMPOUNDS 
 
4.1 INTRODUCTION 
A water molecule plays a crucial role in mediating the interaction between the ligand and 
receptor.  Investigation of the nature and role of water molecules in the active site of enzyme 
could greatly increase the strategy of drug design methods
83
.  The importance of water molecules 
in protein–ligand interactions have been greatly recognized in the past few years.  The water 
molecules can stabilize the complex between the protein and ligand by hydrogen bonding
84
.   
Water is a versatile component at the interface of biological complexes; it can act both as a 
hydrogen bond donor and acceptor in the intermolecular interactions
85
.  It occupies less space 
than the polar side chains of a protein and hence, it paves way to take part in multiple hydrogen 
bonds to improve the binding affinity of the substrate.  Structural and thermodynamic studies of 
the recent literatures suggest that the presence of water molecule in a protein-ligand interface 
makes significant contribution to the binding affinity of the substrate
86
.  
Hence, to understand the role of water molecule in protein-ligand interaction one must establish 
whether it is possible to make a more favorable interaction by substituting a ligand or part thereof 
by a water molecule.  One such an approach is to identify and characterize the binding sites of the 
substrate, where a water molecule can improve the binding affinity.  Solvation studies of 
biomolecules using both implicit and explicit solvation models can quantitatively predict the 
hydrogen-bonding pattern of the solvent molecules around a solute.
87
 In the crystal structures of 
neuraminidase there were at least four highly ordered water molecules present in micro cavities 
between neuraminidase and its inhibitor and it perhaps will mediate the interaction between 
substrate and receptor
88
.  To investigate the role of water molecules in the enzyme substrate; 
water molecules were placed near the binding site of the enzyme substrate and carried out the 
solvation investigation.  The present study systematically investigates the cluster continuum 
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solvation of sialyate complex and its anion hydrated structures; sialosyl cationic complex and 
sialyl zwitterion hydrated structures in the gas phase and in the solvent phase.   
4.2 METHOD OF CALCULATION  
 
Sialic acid is the natural ligand of neuraminidase
89
 and it is present on the glycoprotein surface of 
the influenza virus particles.  The initial structure of sialyate ion is obtained from the crystal 
structure of neuraminidase with PDB code of MW21
90
.  The structure was further refined and 
hydrogen atoms were added by using the Gaussian03
91
 suite of programs.  The resulting structure 
is used for the cluster continuum solvation analysis.  The water molecules were then added to 
different functional positions of sialyate compounds in forming the explicit hydrated structures.  
The strategy of placing water molecule consists of adding explicit water molecule near the 
functional site of the substrate and benchmark calculations were performed to establish the site 
that provides a lowest water binding energy and this calculation was performed with each new 
addition of water molecule until n=3-4.  The addition of fifth water molecule has no effect on the 
solvation free energy; because the main functional site of the substrate has already been occupied 
by the four water molecules and the hydroxyl group is the only functional group which remains 
unoccupied; addition of further water molecule to the hydroxyl has no effect on the solvation.    
A total of seven hydrated structure X-(H2O)n (n=1-7) (X-sialyate and sialidase inhibitor 
compounds) were formed for the solvation investigation and discussed elaborately in the 
respective section.  The sialidase inhibitors such as DANA, 4-amino-DANA, 4-guandino-DANA, 
tamiflu and BCX-1812 were obtained from Chem 3D software and used for solvation studies.  
Geometry optimizations of all the compounds were performed using the RHF\6-31G
92
level of 
theory. A geometry optimization calculation attempts to locate a minimum on the potential 
energy surface, thereby attempting to find an equilibrium structure of the molecular system.  A 
point on the potential energy surface where the forces are zero is called stationary point.  A 
successful optimization locates a stationary point in the potential energy surface.  If there are no 
imaginary frequencies predicted at the stationary point, then the stationary point is a true 
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minimum corresponds to an equilibrium structure of the molecular system.  However, if n (n>0) 
any imaginary frequencies are found then the nth order transition state has been located. But there 
is no imaginary frequency appeared in the sialidase and its inhibitors optimization calculations 
and hence, the minimum structure obtained from the optimization calculation corresponds to an 
equilibrium structure. An arrangement of the atoms that corresponds to an energy minimum 
produces a stable state of the molecular system; any movement away from a minimum gives a 
configuration with a higher energy.  There may be a several minima on the potential energy 
surface; with different minima corresponding to different conformations or structural isomers in 
case of single molecule or reactant and product in case of multi component systems.  The 
minimum with the lowest energy is known as the global energy minimum.  All the optimized 
structures in this study correspond to a minimum energy structure and not to a global energy 
minimum.  The single point energy calculations were performed using the density functional 
theory RB3LYP\6-31G(d)
93,94
 and reported in the respective section.  The calculations were 
performed in (i) anionic form and (ii) complex forms with methyl guandino.  CPCM solvation 
method is employed to perform the single point energy calculations in solvent phase for the above 
systems.  Both HF and DFT level of theory were used to compute the solvation free energy of 
hydrated structures in the complexes and in the anionic forms.   
4.2.1 SOLVATION FREE ENERGY 
The change in Gibbs free energy, when an ion or molecule is transformed from a gas phase to a 
solvent is known as solvation free energy.  
                                           A(g)          A(aq) = ΔG(sol)                     1 
Ab initio calculation of A in gas phase and ab initio calculation of A in solvent phase needs to be 
performed to obtain the solvation free energy.  The difference ΔG between the gas phase and 
solvation phase provides the solvation free energy ΔG(sol).  Various models can be followed to 
obtain the Gibbs free energy of solvation, all of which treat the solvent as continuum dielectric 
materials and electrostatically interact with the molecule in it.  Cluster continuum model is used 
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to compute the solvation free energy of the substrate complex to validate the specific binding 
effect of the explicitly added water molecules in the vicinity of functional site.  
                              A(g) +nH2O(aq)                     [A(H2O)n]aq ……… )(
*  AGsolv             2
 
The above reaction, which mainly gives the cluster continuum solvation free energy and its 
thermo dynamical cycle, consists of following three steps 




(S)n)           3 
                                       [A(H2O)n]g                     [A(H2O)n]aq ….. ΔSolvG* (A
±
(S)n)           4 
                                         n(H2O)g                       n(H2O)aq ……....nΔvapG(S)                       5 
The summation of gas phase clustering free energy, solvation free energy of the clusters and 
vaporization free energy of water molecule provides the cluster continuum solvation free energy. 
Therefore substitution of values of the reactions in equation 3, 4 and 5 in the equation 6 finally 
provides a cluster continuum solvation free energy.     




              6 
Results of cluster continuum solvation free energy and CPCM solvation free energy of every 
system is tabulated at the end of the chapter.   
4.2.2 GIBBS FREE ENERGY 
The Gibbs free energy can be calculated for a gas-phase species using the results of a geometry 
optimization and then a frequency calculation. The two relations below are also utilized in the 
determination of G  
         H = E + RT (Enthalpy calculation)                                                    7 
        G = H – TS (Gibbs free energy calculation)                                        8 
The E is first computed via the following relation 
E0 = Eelec + ZPE  (Sum of electronic energy and zero point energy)          9 
E = E0 + Evib + Erot + Etrans  (Sum of electronic and thermal energies)      10 
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where  Eelec is the electronic energy at the minimum, and ZPE is the zero-point vibrational energy 
obtained from the frequency calculation.  If the temperature for which G is required is greater 
than zero, then additional thermal corrections are necessary with the respective formula obtained 
from standard statistical thermodynamics.  Evib is the vibrational contribution, and is computed 
from the vibrational frequencies of the molecule.  Erot is the rotational contribution and is 
computed from the rotational constants of the molecule, themselves obtained from the minimum 
energy structure.  Etrans is the translational contribution and is determined by assuming an ideal 
gas at standard pressure (10
5
 Pa).  The mass of the molecule is used in the calculation of this 
term.  So the enthalpy can be calculated by applying the temperature (T) of the system and gas 
constant (R) to the energy (E) obtained in the above equation (10).  G can be obtained from 
equation (10), above, or simply from the statistical mechanics formula G = RlnQ.  Q can be 
factored into a translational, rotational, vibration and electronic contribution and computed in a 
manner similar to E.  Meanwhile the Gibbs free energy study is not employed in this section.   
4.3 RESULTS AND DISCUSSION  
 
4.3.1 EXPLICIT SOLVATION ANALYSIS OF SIALYATE-GUANDINO COMPLEX  
 
The explicit cluster continuum solvation analysis of sialyate complex is investigated with up to 
seven water molecules in this section and the structure of sialyate ion is shown in the figure-1.  In 
the absence of explicit hydration, the sialyate complex provides a cluster continuum solvation 
free energy of -32.66 kcal/mol with a charge density of 0.526 on the alpha carbon C2 and 
electronic charge density of -0.76 on the oxygen O16.  It seems that the charges on carbon C2 and 
O16 are highly polarized and possesses distance of 1.424Å.  The monohydrated hydrated 
structure of sialyate complex is formed by adding water molecule on the lateral side of 
carboxylate oxygen atom and its structure is shown in Figure 1(b).  The added water molecule 
forms an acceptor hydrogen bond 1.934Å with the carboxylate oxygen and provides a cluster 
continuum solvation free energy of -28.24 kcal/mol.   It is clear from the Table I, that the 
hydration of sialyate complex by single water molecule increases the respective charges on C2 
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and O16; this charge variation alters geometry of the sialyate complex and imposes geometric 
strain on the ring.   
 
Figure 1 Sialyate anion 
The second water molecule is added near the carboxylate oxygen of sialyate complex and the 
added water molecule forms acceptor hydrogen bond 1.954Å with the carboxylate oxygen. The 
formed dihydrated structure possesses a positive charge density of 0.523 on the C2 carbon and an 
electronic charge density of -0.766 on the oxygen O16 and this charge variation causes shrinkage 
of C2–O16 bond.  Eventually, this shrinkage increases geometric strain on the cyclic ring of 
sialyate complex and causes structural distortion. 
             

















The dihydrated structure of sialyate complex provides a cluster continuum solvation free energy 
of -25.32 kcal/mol.  It reveals that the added second water molecule fails to specifically bind in 
the functional site of sialyate complex; rather it involves in the bulk solvent interaction.   Hence, 
solvation analysis indicates that the dihydrated structure of sialyate complex further destabilizes 
the solvation free energy and imposes geometry strain on the cyclic ring.  The third water 
molecule is added in the vicinity of amide and C4 hydroxyl group; the added water molecule 
forms hydrogen bond NH…OHH…OH in donor-acceptor mode at 2.236Å and 1.876Å and it is 
shown in Figure 1(d). The formed explicit tri-hydrated structure provides a cluster continuum 
solvation free energy of -28.43 kcal/mol, with a charge density of 0.516 on the C2 carbon and  
electronic charge density of -0.764 on the oxygen O16. This signifies that the explicit hydration 
increases the solvation free energy progressively and nullifies the specific binding effect of the 
tri-hydrated structure.  As an added third water molecule forms a hydrogen bond with the amide; 
it weakens the intramolecular hydrogen bond between carbonyl oxygen and C4 hydroxyl group 
from 1.872Å to 1.818Å and thus it increases degree of unstability of the complex and 
consequently, attains a poor hydration pattern.   
         
      Figure 1(c) Dihydrated Structure                    Figure 1(d) Trihydrated Structure   
A fourth water molecule is added in the vicinity of carbonyl oxygen of amide group and the 
added water molecule forms an acceptor hydrogen bond 1.912Å with the carbonyl oxygen of the 
amide.  The resulting tetra-hydrated structure provides a cluster continuum solvation free energy 
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of -20.17 kcal/mol.   The cooperative effect caused by the fourth water molecule increases the 
solvation free energy and consequently undermines the specific binding effect.  The penta-
hydtrated structure is formed by adding fifth molecule in the space between C8 and C9 hydroxyl 
group.  The added water molecule forms  triangular donor and acceptor hydrogen bond 1.758Å & 
1.741Å with C8 and C9 hydroxyl group respectively.   The resulting explicit penta hydrated 
structure provides a cluster continuum solvation free energy of -17.63 kcal/mol.  It is clear that 
the penta hydrated structure increases the positive charge density on the C2 carbon atom from 
0.527 to 0.557 and hence, decreases the polarization of C2–O16 bond.   The penta-hydrated 
structure is less stable than the parent sialyate complex, mono-hydrated, di-hydrated and tri-
hydrated structures. 
          
     Figure 1(e) Tetra hydrated structure               Figure 1(f) Penta hydrated structure  
Hence, the specific binding of fifth water molecule in the functional site of sialyate complex is 
unlikely and it contrarily interacts with bulk solvent and thus increases the solvation free energy.  
The hexa-hydrated structure is formed by adding a sixth water molecule in the bay space between 
C7 and C9 hydroxyl group and the added water molecule forms a donor hydrogen bond 1.739Å 
and an acceptor hydrogen bond 1.743Å with C9 and C7 hydroxyl group respectively.  The 
resulting hexa-hydrated structure provides a solvation free energy of -23.27 kcal/mol and it 
discloses that the cluster continuum solvation free energy increases as a function of water 
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molecules.  Therefore, the hexa-hydrated structure invalidates the specific binding of explicit 
water molecules in the functional site of sialyate complex.   
         
Figure 1(g) Hexa hydrated structure                           Figure 1(h) Hepta hydrated structure  
It is noted that the added sixth water molecule increases the positive charge density of C2 carbon 
and hence, it polarizes the hydrated structure and accumulates strain on the cyclic ring.  This 
causes the distortion of the hexa–hydrated structure.       
 
Figure 2, Solvation free energy of sialyate complex as a function of water molecules  
A plot in Figure 2 clearly attest that the cluster continuum solvation free energy increases as a 
function of water molecules and thereby it conveys that the hydrated water molecule increases the 
bulk solvent interaction as a function of water molecules and thus nullifies the specific binding 
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effect.  The hepta hydrated structure is formed by adding a seventh water molecule in the vicinity 
of hydroxyl group of the C2 carbon and its structure is shown in the Figure 1(h).  The formed 
hepta hydrated structure provides a cluster continuum solvation free energy of -20.43 kcal/mol.   
It is clear that large size penta hydrated structures attains a higher solvation free energy due to the 
hydrogen bonding cooperative effects and therefore, it invalidates the specific binding effect of 
water molecules in a functional site of silayate complex. The solvation investigation declares that 
the cluster continuum solvation free energy of the sialyate complex increases as a function of 
water molecules and thus invalidates the specific binding effect of explicit water molecules in the 
functional site of sialyate complex. However, the gas phase hydration energy of sialyate complex 
progressively decreases as a function of water molecules and thus accommodates the specific 
binding of explicit water molecules in the functional site of sialyate complex.   The explicit 
cluster continuum solvation analysis yields parent sialyate complex as the stable complex with 
the minimum solvation free energy of -43.84 kcal/mol of all the hydrated systems studied.    
4.4 CLUSTER CONTINUUM STUDIES OF SIALOSYL CATION COMPLEXES 
 
The catalytic pathway of sialidase consists of four major steps.   The second step of the catalytic 
reaction involves in protonation and consequent formation of the cationic intermediate.   
        
Figure 3(a) Sialosyl cation-guandino complex        Figure 3(b) Monohydrated Structure. 
Sialosyl cation intermediate has the half chair conformation with more planar structure. This 
cationic intermediate is subjected to the explicit cluster continuum solvation analysis to 
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investigate the influence of water molecule in the catalytic path.  The parent sialosyl cationic 
complex in the absence of explicit hydration provides a cluster continuum solvation free energy 
of -84.18 kcal/mol.  It reveals that the solvation free energy of sialosyl cationic complex is lower 
than sialyate complex and hence, the cationic complex is more hydrophilic in nature.  It is noted 
that in cationic complex the charge variation between carbon C2 and oxygen 16 is absent and as a 
result the cationic complex attains a low polarization.  This results in the double bond character of 
C2=O16 with a bond distance of 1.263Å.  Mono-hydrated structure is formed by adding a water 
molecule in the vicinity of C2 carbon atom.   
         
  Figure-3(c) Dihydrated Structure                                   Figure-3(d) Tri hydrated structure  
The added water molecule interacts with the C2 carbon by the non bonded interaction C2–OHH 
at 2.46Å and this interaction increases the charges of C2 carbon and O16 oxygen. The increase in 
the charge densities of both carbon and oxygen decreases the bond distance of C2=O16 from 
1.263Å to 1.254Å and this attributes to more planarity of the ring.  The mono-hydrated structure 
provides a cluster continuum solvation free energy of -88.13 kcal/mol and this clearly shows the 
preferential binding of water molecule with the C2 carbon and thus it is more stable and 
hydrophilic than the parent cationic complex.  This clearly validates that the added water 
molecule stabilizes the carbo cationic intermediate during the enzyme catalysis by the non 
bonded interaction.  The di-hydrated structure is formed by adding a second water molecule in the 
space between carboxylate oxygen and C7 glycerol side chain.  The added water molecule forms 
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a hydrogen bridge between carboxylate oxygen and C4 hydroxyl group by forming acceptor 
hydrogen bonds at 2.048Å and 2.042Å. The formed di-hydrated structure provides a cluster 
continuum solvation free energy of -87.37 kcal/mol and this shows that the added second water 
molecule specifically binds to the carboxylate oxygen and C7 hydroxyl group and validates the 
presence of water molecule in the vicinity of the above functional sites. The di-hydrated structure 
in Figure 3(c) shows that the C4 hydroxyl group forms an intramolecular hydrogen bond 2.01Å 
with carbonyl oxygen; this hydrogen framework accounts for the higher stability of the sialosyl 
cationic complex.  Hence, the solvation analysis confirms that the hydration pattern of di-
hydrated structure is effective in solvating the cationic- complex.   
               
       Figure 3(e) Tetra-hydrated structure                    Figure 3(f) Penta-hydrated structure 
The tri-hydrated structure of sialosyl cationic complex is formed by adding a third water molecule 
in the vicinity of C4 hydroxyl group and its structure is shown in the Figure 4(d).  The resulting 
tri-hydrated structure of cationic complex provides a cluster continuum solvation free energy of     
-83.95  kcal/mol and this reveals that the solvation free energy is identical with the parent cationic 
complex.   Hence, it discloses that the addition of third water molecule has partial specific 
binding with C4 hydroxyl group.  The tri-hydrated structure increases the interaction between C2 
carbon and water molecule from 2.46Å to 2.293Å and this validates the presence of water 
molecule in the vicinity of C2 hydroxyl group and thus authenticates the water mediated cationic 
intermediate in the sialidase mechanism.  The tetra-hydrated structure is formed by adding a 
water molecule in the vicinity of the amide group and its structure is shown in the Figure 4(e).  
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The resulting tetra-hydrated structure provides a solvation free energy of -71.68 kcal/mol and it 
reveals that the added fourth water molecule fails to specifically bind with the functional site of 
cationic complex; contrarily it interacts with the bulk solvent.  The added fourth water molecule 
decreases the non bonded interaction between alpha carbon C2 and water molecule from 2.29Å to 
2.31Å. This increase in bond distance decreases the interaction between cationic complex and the 
explicitly added water molecules.    
 
Figure 4, Solvation free of sialosyl cation complex as a function of water molecules 
The energetic and structural parameters of the tetra-hydrated structure disclose that it has poor 
hydration pattern and thus increases the solvation free energy.  The explicit penta-hydrated 
structure is formed by adding fifth water molecule in the space between C8 and C9 hydroxyl 
group and its structure is shown in the Figure 3(f).  The resulting explicit penta-hydrated structure 
provides a cluster continuum salvation free energy of -62.68 kcal/mol.  The solvation free energy 
of penta-hydrated structure is higher than the tetra, tri and di-hydrated structures; because it 
contains dense hydrated structures. This clearly suggests that the cluster continuum solvation free 
energy increases as a function of water molecules and especially large hydrated structure attains a 
higher solvation free energy due to the cooperative effects.   Hence, presence of water molecule is 
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perhaps unlikely in the functional sites of penta-hydrated structure.  The penta-hydrated structure 
decreases the charge transfer between water molecule and cationic-complex by increasing C2–
O16 bond. 
           
       Figure 3(g) Hexa hydrated structure                  Figure 3(h) Hepta hydrated structure 
A plot in Figure 7 clearly authenticates that the cluster continuum solvation free energy descends 
up to tri-hydrated structure and after it starts ascending due to the increasing bulk solvent 
interaction and the hydrogen bonding cooperative effects.  The hexa-hydrated structure is formed 
by adding a sixth water molecule in the vicinity of the C2 carbon and its structure is shown in the 
Figure 3(g).  It provides a cluster continuum solvation free energy of –71.2 kcal/mol and it 
reveals that the added sixth water molecule preferentially interacts with bulk solvent and thus 
invalidates the specific binding of explicit water molecules. This signifies that the increasing 
addition of water molecule increases the charges of C2 carbon and decreases the oxygen atom 
O15 charge.   This eventually increases the bond distance of C2=O16 from 1.263Å to 1.267Å and 
causes structural distortion of the ring.  The seventh water molecule is added in the vicinity of 
carboxylate group and the added water molecule forms an acceptor hydrogen bond 1.872Å with 
the carboxylic group and its structure is shown in the Figure 3(h).  The resulting explicit hepta- 
hydrated structure provides a cluster continuum solvation free energy of -65.15 kcal/mol and this 
clearly nullifies the specific binding effect of explicit water molecule in the functional site of 
cationic complex.  The hepta-hydrated structure decreases the interaction between C2 carbon and 
hydrated water molecule and thus undermines the non bonding interaction between C2 and 
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hydrated water molecule.  Explicit cluster continuum solvation analysis of cationic complex 
confirms the specific binding of explicit water molecules in the mono-hydrated, di-hydrated and 
tri-hydrated structures and attains a minimum solvation free energy of -88.13 kcal/mol 
corresponds to the monohydrated structure.  Hence this investigation attests the presence of water 
molecule in the vicinity of C2 carbon, C7 hydroxyl group and the C4 hydroxyl group.  After the 
tri-hydrated structure, further addition of water molecule favors the bulk interaction and thus 
invalidates specific binding of water molecules in the tetra, penta, hexa and hepta-hydrated 
structures. Table II shows that the gas phase hydration energy of sialosyl cationic complex 
decreases progressively as function of water molecules and thus validates the specific binding of 
explicit water molecules in the functional sites of cationic complex.   
  4.5 EXPLICIT CLUSTER CONTINUUM ANALYSIS OF SIALYATE ANION 
The cluster continuum solvation investigation of sialyate anion is addressed in this section.  
Sialyate anion in the absence of explicit hydration provides a cluster continuum solvation free 
energy of-76.7 kcal/mol with the positive charge density of 0.528 on the C2 carbon and electronic 
charge density of -0.771 on the O16 oxygen. It appears that sialyate anion is more hydrophilic 
than the sialyate complex.   
     
          Figure 5(a) Sialyate anion                            Figure 5(b) Sialyate monohydrate structure  
The mono-hydrated structure is formed by adding a water molecule in the vicinity of C4 hydroxyl 
group of the sialyate ion and the added water molecule forms an acceptor hydrogen bond 2.324Å 
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with the C4 hydroxyl group and 1.926Å with the carbonyl oxygen and its structure is shown in 
the Figure 5(b). The resulting explicit mono-hydrated structure provides a cluster continuum 
solvation free energy of -73.5 kcal/mol and it is higher than the parent silayate anion.  The higher 
solvation free energy invalidates the specific binding of water molecules in the functional site of 
sialyate anion.  The added water molecule decreases the bond length of C2–O16 from 1.451Å to 
1.437Å and this causes structural distortion of the cyclic ring.  The di-hydrated structure is 
formed by adding a water molecule in the vicinity of C8 and C9 hydroxyl group and its structure 
is shown in the Figure 5(c).  The resulting dihydrated structure of sialyate anion provides a cluster 
continuum solvation free energy of -62.71 kcal/mol and it reveals that the added explicit water 
molecule has no specific binding effect and favors the bulk interaction.  The di-hydrated structure 
decreases the bond distance of C2–O16 from 1.451Å to o 1.433Å and thus causes more twisted 
configuration of the ring.  The dihydrated structure attains a higher solvation free energy than the 
monohydrated structure and this suggests that the solvation free energy of sialyate anion increases 
as a function of explicit water molecule.     
                   
   Figure 5(c), Di-hydrated structure                           Figure 5(d) Tri-hydrated structure  
The third water molecule is added in the vicinity of carbonyl oxygen and the added water 
molecule forms an acceptor hydrogen bond 1.875Å with the explicit hydrated water molecule and 
its structure is shown in the Figure 5(d).   The resulting explicit tri-hydrated structure provides a 
cluster continuum solvation free energy of -63.65 kcal/mol and it is higher than the di-hydrated 
structure.  It is apparent from the Table-III that the increase in addition of explicit water 
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molecules progressively increases the solvation free energy of sialyate anion and therefore 
invalidates the specific binding effect of the explicit water molecules.  The added third water 
molecule shortens the bond distance of C2–O16 from the 1.451Å to 1.424Å and as a result it 
distorts the sialyate anion structure. The fourth water molecule is added in the space between C7 
& C9 hydroxyl group and it acts as hydrogen bridge between the two hydroxyl groups by forming 
acceptor hydrogen bonds at 2.876Å and 2.046Å.  The resulting tetra-hydrated structure provides a 
cluster continuum solvation free energy of -60.84 kcal/mol and this shows that the solvation free 
energy of explicit hydrated structure increases as a function of water molecule.   The added fourth 
water decreases the bond distance of C2–O16 from 1.451Å to 1.421Å and causes structural 
distortion of sialyate anion.   
              
  Figure 5(e) Tetra-hydrated structure                        Figure 5(f) Penta-hydrated structure  
This shortening causes tetra-hydrated structure to attain more twisted configuration. The explicit 
tetra-hydrated structure discloses that the added fourth water molecule interacts strongly with 
bulk solvent rather than with carbonyl oxygen of the sialyate anion and thus invalidates the 
specific binding effect.  It is apparent that tri-hydrated and tetra-hydrated structure have the 
identical solvation free energy and this emphasis that the explicit solvation attains limiting value.  
The fifth water molecule is added in the vicinity of carboxylate oxygen and the added water 
molecule forms an acceptor hydrogen bond 1.692Å with the carboxylate oxygen and a donor 
hydrogen bond 1.998 Å with the hydroxyl group at C2 position and its structure is shown in the 
 62 
Figure 5(f).   The resulting penta hydrated structure provides a cluster continuum solvation 
energy free energy of -62.15 kcal/mol and it is higher than the tetra-hydrated structure.  This 
indicates that there is no specific binding of explicit water molecule in the penta-hydrated 
structure and thus favors the bulk interaction.  The sixth water molecule is added in the vicinity of 
carboxylate oxygen and the added water molecule forms an acceptor hydrogen bond 2.588Å and 
1.971Å with the carboxylate oxygen and its structure is shown in Figure 5(g).  The resulting 
hexa- hydrated structure provides a cluster continuum solvation free energy of -61.46 kcal/mol 
and it reveals that the solvation free energy increases as a function of water molecules and thus 
invalidates the specific binding effect.  The hexa-hydrated structure highlights multiple hydrogen 
bonds in the functional site of sialyate anion and this eventually contributes to the hydrogen 
bonding cooperative effects.  
 
Figure 6. Solvation free energy of sialyate anion as a function of water molecules 
The hydrogen bonding cooperative effect increases the solvation free energy of the anionic 
system and consequently increases the bulk interaction.  The added sixth water molecule shortens 
the C2–O16 bond from 1.451Å to 1.419Å and causes structural distortion.  The hepta-hydrated 
structure is formed by adding seventh water molecule in the bay space between carboxylic group 
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and C4 hydroxyl group and the hydrogen bonds formed by the added water molecule is show in 
the figure 5(h). The resulting hepta-hydrated structure provides a cluster continuum solvation free 
energy of -54.79 kcal/mol and it clearly shows that the solvation free energy increases as a 
function of water molecule and nullifies the specific binding effect of explicit water molecules.    
                    
Figure-5(g) Hexa hydrated structure                            Figure-5(h) Hepta hydrated structure 
The plot in Figure 6 shows that the cluster continuum solvation free energy of sialyate anion 
increases as a function of water molecules and thus invalidates the specific binding of explicit 
water molecules in the functional site of sialyate anion.  It is noted that the explicit solvation 
causes structural distortion of the ring and thus retards the charge transfer between sialyate anion 
and explicit water molecule and as a result it increases the solvation free energy.   Especially the 
large hydrated structures such as penta, hexa and hepta structures pronounces hydrogen bonding 
cooperative effects and thus attains  a higher solvation free energy than the parent sialyate anion.  
The explicit solvation analysis of cluster continuum model reveals that the presence of water 
molecule in the vicinity of functional site of sialyate anion is perhaps unlikely.  However, the gas 
phase hydration energy progressively decreases
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 as a function of water molecules for sialyate 
anion and it is shown in Table III. Therefore the gas phase hydration study attests the specific 
binding of water molecule in the functional site of sialyate anion and thus stabilizes anion 




4.6 CLUSTER CONTINUUM SOLVATION ANALYSIS OF SIALYL ZWITTER ION 
The cluster continuum solvation investigation of sialyl zwitter ion is discussed extensively in this 
section.   Sialyl zwitter ion in the absence of explicit hydration provides a cluster continuum 
solvation free energy of -42.23 kcal/mol, with the positive charge of  0.544 on the C2 carbon and 
electronic charge of -0.668 on the O16 oxygen.  This charge variation indicates a less polarization 
of the zwitter ion.  The first water molecule is added in the vicinity of C2 carbon and the added 
water molecule forms a hydrogen bond 2.58Å with the C2 carbon and its structure is shown in the 
figure 7(b).    The resulting mono-hydrated structure provides a cluster continuum solvation free 
energy of -46.54 kcal/mol and this shows that the solvation free energy decreases as a function of 
water molecules.  Therefore it validates the specific binding of explicit water molecules in the 
functional site of C2 carbon.    
                   
    Figure 7(a) Sialosyl zwitter ion                           Figure 7(b) Mono-hydrated Structure  
The second water molecule is added in the space between carboxylic group and C7 hydroxyl 
group and the formed di-hydrated structure is shown in the Figure 7(b).  It provides a cluster 
continuum solvation free energy of 45.99 kcal/mol.  The added second water molecule in the 
dihydrated structure serves as a hydrogen bridge between the carboxylate oxygen and C7 
hydroxyl group by forming acceptor hydrogen bonds at 2.091Å and 2.057Å.  The solvation free 
energy of di-hydrated structure is lower than the mono-hydrated structure and this discloses that 
added second water molecule specifically binds in the functional site of carboxylate oxygen and 
C7 hydroxyl group.  Hence, the presences of water molecules are validated near the functional 
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site of C7 hydroxyl group and carboxylate oxygen.   A third water molecule is added in the 
vicinity of carbonyl oxygen and the added water molecule forms a donor hydrogen bond 1.726Å 
with the C7 hydroxyl group and the acceptor hydrogen bond 1.821Å with the carbonyl oxygen 
and its structure is show in the figure 7(d).  The resulting tri-hydrated structure provides a cluster 
continuum solvation free energy of -43.05 kcal/mol and this reveals that the solvation free energy 
is higher than the di-hydrated structure.  Therefore, the specific binding of explicit water 
molecule in a functional site of a sialyl zwitter ion is perhaps unlikely.  The trihydrate structure 
increases the  bond distance C2=O16 from 1.262Å to 1.276Å and thus transforms double bond to 
partial double bond character;  this eventually helps to increase the charge transfer between  the 
zwitter ion and explicit water molecules. 
                     
  Figure 7(c) Di-hydrated structure                          Figure 7(d) Tri-hydrated Structure  
The fourth water molecule is added in the vicinity of C4 hydroxyl group and the amide group.  
The added water molecule forms a triangular hydrogen bond 2.085Å with amine nitrogen and a 
donor hydrogen bond 1.87Å with the C4 hydroxyl group.  The resulting explicit tetra-hydrated 
structure provides a cluster continuum solvation free energy of -37.78 kcal/mol and it discloses 
that the solvation free energy increases as a function of water molecules.  Thus it undermines the 
specific binding of water molecules in a functional site of tetra-hydrated structure. The fifth water 
molecule is added in the vicinity of C8 and C9 hydroxyl group of the tetra-hydrated structure and 
the added water molecule forms a donor hydrogen bond 1.763Å with the C8 hydroxyl group and 
an acceptor bond 1.806Å with the C9 hydroxyl group.  The formed penta-hydrated structure 
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provides a cluster continuum solvation energy of -33.22 kcal/mol and it shows that the solvation 
free energy increases as a function of water molecules.  The added fifth water molecule increases 
the charges of both the carbon and the oxygen of the ring and as a result, it reduces the 
polarization of C2=O16 and increases the bond distance from 1.262Å to 1.278Å. The lengthening 
of C2=O16 causes structural distortion of the cyclic ring.   It is apparent that the dense hydrated 
structures of sialosyl zwitterion increases the solvation free energy drastically when compared to 
less dense hydrated structures due to the cooperative hydrogen bonding effects and this nullifies 
the specific binding of explicit water molecules in the dense hydrated structures.   
                  
 Figure 9(e) Tetra-hydrated structure                    Figure 9(f) Penta-hydrated structure  
The plot in Figure 8, attests the specific binding of explicit water molecules upto tetra-hydrate 
structure and thereafter, the added water molecules involves in bulk interactions. The sixth water 
molecule is added just adjacent to the C4 hydroxyl group and the added water molecule forms an 
acceptor hydrogen bond 1.91Å with the C4 hydroxyl group.  The formed explicit hexa-hydrated 
structure provides a cluster continuum solvation free energy of -30.41 kcal/mol with no specific 
binding of explicit water molecules in the functional site of zwitter ion.  The hydrogen bonding 
cooperative effect caused by explicit water molecules drastically increases the cluster continuum 
solvation free energy of the sialyl zwitter ion.    Hence, the presence of explicit water molecules 
in the functional site of hexa hydrated is invalidated.  The seventh water molecule is added in the 
vicinity of carbonyl oxygen to form the hepta-hydrated structure and the added water molecule 
forms an acceptor hydrogen bond with the carbonyl oxygen and its structure is shown in the 
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Figure 7(h).  The resulting explicit hepta-hydrated provides a cluster continuum solvation free 
energy of -19.49 kcal/mol and it discloses that the solvation free energy increases as a function of 
water molecules. Therefore it invalidates the specific binding of explicit water molecules in the 
functional site of zwitter ion. 
 
Figure 8, Solvation free energy of sialyl zwitter ion as a function of water molecules 
The cluster continuum solvation investigation of sialyl zwitter ion confirms the specific binding 
of water molecule in the explicit mono-hydrated, di-hydrated and tri-hydrated structures and 
provides a minimum solvation free energy of -45.99 kcal/mol for the dihydrated structure.     
               
      Figure 7(g) Hexa-hydrated structure            Figure 7(h) Hepta-hydrated structure      
 Therefore, it is considered as the solvation free energy of sialyl zwitter ion system. 
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TABLE I,  CONTINUUM SOLVATION FREE ENERGY,  CLUSTER CONTINUUM SOLVATION FREE ENERGY AND GAS 


























































C2 atom  
N-NANA:MG 
 














































-28.33 -19.08 -95.05 -88.78 -18.5 -20.43 -0.783 0.554 
MG- Methyl Guandino;  ΔGsol (CC)  -Refers to Cluster continuum solvation free energy  




TABLE II  SOLVATION FREE ENERGY,  CLUSTER CONTINUUM SOLVATION FREE ENERGYAND GAS PHASE WATER 
































































































-49.26  -19.08 -124.41 -107.28 -65.15 -34.22 -0.723 0.739 
 
ΔGsol (CC)  -Refers to Cluster continuum solvation free energy  





TABLE III   SOLVATION FREE ENERGY,  CLUSTER CONTINUUM SOLVATION FREE ENERGY* AND GAS PHASE WATER 











































































































-54.79  -44.36 -104.14 -102.64 -54.79 -60.31 -0.771 0.516 1.438 
ΔGsol (CC)  -Refers to Cluster continuum solvation free energy ΔGsol – Refers to continuum solvation free energy  
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TABLE 1V  SOLVATION FREE ENERGY,  CLUSTER CONTINUUM SOLVATION FREE ENERGY* AND GAS PHASE WATER 


































































zwitterion  -42.23 
 





-45.11 -29.98 -15.48 -17.58 -46.54 -35.85 -0.669 0.545 1.265 
N-NANA zwitterion 
2H2O  

























-19.38 -10.34 -108.19 -99.26 -19.49  -17.9 -0.699 0.635 1.269 




Cluster continuum solvation analysis indicates that the solvation free energy of sialyate complex 
and sialyate anion increases as a function of water molecules and hence, it invalidates the specific 
binding of explicit water molecules in the functional site of sialyate complex and its anion. The 
explicit hydration of the sialyate complex and sialyate anion causes structural distortion of the 
ring and thus retards the charge transfer between water molecule and sialyate ion.   However, the 
gas phase hydration energies of sialyate complex and sialyate anion were progressively decreases 
as a function of explicit water molecules and hence, it accommodates the specific binding of 
water molecules in the functional sites of sialyate complex and its anion.  The cluster continuum 
solvation analysis of sialosyl cationic complex divulges that it is more hydrophilic than the 
sialyate complex and this illustrates that the sialosyl cation solvates better than the sialyate 
complex.  Furthermore, the cluster continuum solvation free energy of cationic complex 
decreases as a function of explicit water molecules and thus validates the presence of water 
molecule in the functional site of cationic complex in mono-hydrated, di-hydrated and tri-
hydrated structures.  The gas phase hydration energies of cationic complex decreases as a 
function of water molecule and this further confirms the specific binding of water molecule in the 
functional site of cationic complexes.  It appears that the cationic complex depolarizes the 
structure and thereby it solvates with ease.  The cluster continuum analysis of sialyl zwitter ion 
reveals that the solvation free energy of zwitter ion decreases as a function of explicit water 
molecules upto tri-hydrated structure and therefore, it validates the presence of water molecules 
in the respective hydrated structures.  The absence of polarization in the zwitter ion causes the 
specific binding of water molecules and better solvation energy than its anion.  The dense 
hydrated structure of the zwitter ion attains a higher solvation free energy due to the hydrogen 
bonding cooperative effects.  Meanwhile, the gas phase hydration energy of sialyl zwitter ion 
progressively decreases as a function of water molecules and thus confirms the specific binding 
of explicit water molecules in the functional site of sialyl zwitter ion.   
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CHAPTER 5 
CLUSTER CONTINUUM SOLVATION ANALYSIS OF SIALIDASE INHIBITORS 
5.1 DANA COMPLEX 
 
The solvation analysis of sialyate compounds in various conformations have studied extensively 
in the previous section and this chapter will address the solvation analysis of sialidase inhibitors 
in complex and in anionic form.  The first section of this chapter will discuss the cluster 
continuum solvation investigation of DANA complex.  DANA is a sialic acid analogue, 2-deoxy-
2,3-didehydro-N-acetylneuraminic acid (DANA) and it is reported as the first  inhibitor of 
sialidase
96
.  Its structure is shown in Figure 1. 
  
Figure 1, -deoxy-2,3-didehydro-N-acetylneuraminic acid (DANA)  
A crystal structure
97
 of DANA bound to neuraminidase reveals that the structure of DANA 
mimics the sialyl cation intermediate and hence, it has improved potency than the sialic acid.  
Neuraminidase is highly selective in binding the structurally similar compounds.  It binds sialyate 
in millimolar affinity
100, 101
 whereas the inhibitors of neuraminidase binds in higher affinity
102,103. 
  
Hence, the cluster continuum solvation investigation of DANA is significant to determine the best 
water binding site of the inhibitor.  The water molecules were added to each functional site of 
















cluster continuum solvation analysis DANA complex.  The method of calculation is discussed 
exhaustively in the previous chapter and it is applicable to all the compounds studied in this 
chapter as well.    
5.2 RESULTS AND DISCUSSION 
5.2.1 CLUSTER CONTINUUM ANALYSIS OF DANA-GUANDINO COMPLEX 
The DANA is subjected to the solvation investigation to identify the presence of buried molecules 
in the vicinity of functional site. The presence of buried water molecules near the functional site 
of DANA will contribute to the favorable solvation dynamics and intermolecular interactions. 
The DANA in the absence of explicit hydration provides a cluster continuum solvation free 
energy  of -46.3 kcal/mol; with the charge density of 0.31 on the C2 carbon and electronic charge 
density of -0.789 on the O16 oxygen atom.  This reveals that the DANA is more hydrophilic than 
the sialic acid and it has the solvation energy of -43.84 kcal/mol.    
                      
Figure 2(a)  DANA-Methyl guandino complex                   Figure 2(b) Mono-hydrated structure  
A first water molecule is added in the vicinity of carboxylate oxygen to form the explicit  mono-
hydrated structure and the added water molecule forms an acceptor hydrogen bond 1.746Å with 
carboxylate oxygen. The formed explicit mono-hydrated structure provides a cluster continuum 
solvation free energy of -41.92 kcal/mol and it is higher than the parent DANA complex.  
Therefore, it invalidates the specific binding of explicit water molecules in the functional site of 
DANA complex.  The mono-hydrated structure decreases the electronic charge density of oxygen 
O16 and makes the complex electron deficient and thus retards the charge transfer between 
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DANA complex and explicit water molecules.   The second water molecule is added in the 
vicinity of carboxylate oxygen of the DANA complex and the added water molecule forms an 
acceptor hydrogen bond 1.96Å with the carboxylate oxygen.  The resulting di-hydrated structure 
provides a cluster continuum solvation free energy of -36.41 kcal/mol.  This clearly indicates that 
the solvation free energy increases as a function of explicit water molecules and therefore 
invalidates the specific binding of water molecules in the functional site of DANA.  The di-
hydrated structure of DANA complex increases the intramolecular interaction between carbonyl 
oxygen and C4 hydroxyl group from 1.95Å to 1.945Å and this proves that the hydration increases 
the intramolecular interaction between the functional groups of DANA. 
      
        Figure 2(c) Di-hydrated structure                             Figure 2(d) Tri-hydrated structure  
The third water molecule is added in the vicinity of the carbonyl oxygen and the added water 
molecule forms an acceptor hydrogen bond 1.918Å with the carbonyl oxygen and its structure is 
shown in the Figure 2(d).  The resulting explicit tri-hydrated structure provides a cluster 
continuum solvation free energy of -34.34 kcal/mol and it is higher than the di-hydrated structure.  
Therefore, the addition of third water molecule has no specific binding effect in the functional site 
of DANA complex and it rather involves in the bulk interaction. The fourth water molecule is 
added in the space between carbonyl oxygen and C4 hydroxyl group.   The added water molecule 
forms a donor hydrogen bond 1.765Å with the C4 hydroxyl group and its structure is shown in 
the Figure 2(e).  The resulting tetra-hydrated structure of DANA complex provides a cluster 
continuum solvation free energy of -28.46 kcal/mol and this discloses that the solvation free 
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energy of DANA complex steeply increases as a function of water molecules with no specific 
binding of explicit water molecules in the respective functional site.   A hydrogen bridge is 
observed in the tetra-hydrated structure and it has no effect on the solvation free energy of tetra- 
hydrated structure.  The fifth water molecule is added in the vicinity of C9 hydroxyl group and 
the added water molecule forms an acceptor hydrogen bond 1.874Å with C9 hydroxyl group.  
The resulting explicit penta-hydrated structure  provides a cluster continuum solvation free 
energy of -26.13 kcal/mol and it reveals that added water  molecules increases the solvation free 
energy and thus invalidates the specific binding of explicit water molecules.   
                 
                       
Figure 2(e) tetra-hydrated structure                            Figure 2(f) Penta-hydrated structure  
The sixth water molecule is added in the space between the carbonyl oxygen and C7 hydroxyl 
group and the added water molecule forms a hydrogen bridge with the carbonyl oxygen 2.16Å 
and C7 hydroxyl group 1.917Å and its structure is shown in the Figure 2(g).  The resulting 
explicit hexa-hydrated structure provides a solvation free energy of -20.26 kcal/mol; with no 
specific binding of explicit water molecules in the functional site of DANA.   It is clear that the 
addition of sixth water molecule steeply increases the cluster continuum solvation free energy of 
the DANA complex and it is due to the hydrogen bonding cooperative effects.  The plot in Figure 
3, indicates that the cluster continuum solvation free energy of the DANA complex increases as a 
function of explicit water molecules and thus invalidates the specific binding of explicit water 
molecules in the functional site of DANA complex.  The seventh water molecule is added in the 
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vicinity of amine nitrogen and C9 hydroxyl group and the added water molecule forms a donor 
hydrogen bond 1.881Å with the amine nitrogen and an acceptor hydrogen bond 1.759Å with C9 
hydroxyl group and it is shown in the Figure 2(h).  The resulting hepta-hydrated structure 
provides a cluster continuum solvation free energy of -14.09 kcal/mol and it is higher than the 
hexa-hydrated structure.   
 
Figure 3, Solvation free energy of DANA complex as a function of water molecules 
The added seventh water molecule increases the C2 carbon charge and decreases the O16 oxygen 
charge. This charge variation shortens the bond length of C2=O16 from 1.382Å to 1.374Å and 
results in structural distortion of the cyclic ring.    
                             
Figure 2(g) Penta-hydrated structure                         Figure 2(h) Hepta-hydrated structure  
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This phenomenon authenticates that the increase in explicit hydration is proportional to the 
structural distortion of the ring and thus causes increase in solvation free energy of DANA 
complex.  The explicit cluster continuum solvation analysis of DANA complex discloses that the 
added water molecules progressively increases the solvation free energy and thus nullifies the 
specific binding of explicit water molecules in the functional site of DANA.  The analysis 
provides a minimum solvation free energy of -46.3 kcal\mol which corresponds to the parent 
DANA complex and it is the solvation free energy of the DANA hydrated systems.  The gas 
phase hydration energy of DANA complex decreases as a function of water molecules and thus 
accommodates the specific binding of water molecules in the functional site of DANA.  
5.3 4-AMINO-DANA COMPLEX 
The 4-amino-DANA is the derivative of DANA and it is formed by replacing the C4 hydroxyl 
group in DANA by the amino group and it is also known as N-DANA, its structure is shown in 





Figure 4, 4-amino-DANA anion  
The explicit water molecule occupies the functional sites inside the macromolecules and on the 
















their structural role, the water molecules are also directly involved as proton donor or proton 
acceptor in the activity of enzymes.
106,107
   The hydration forces are responsible for the packing 
and the three dimensional structure of proteins and in many cases it  enhances the protein 
bioactivity and protein functions
108
.  The hydration of a biomolecule improves the catalytic 
function of  enzymes.
109, 110
 and increases the interplay between the protein environment and the 
enzymatic activity.  A water molecule in protein structure captures structural information and 
edits empty spaces between the complex subunits and helps for the integrity of protein chain.  
Therefore, the analysis of  hydration pattern of the enzyme substrate is vital to understand the 
structure of viral protein.  This section systematically investigates the explicit cluster continuum 
solvation analysis of 4-amino-DANA complex to identify the best water binding sites.   
5.3.1 RESULTS & DISCUSSION  
The 4-amino-DANA in the absence of explicit hydration provides a continuum solvation free 
energy of -49.4 kcal/mol with charge density of 0.313 on the C2carbon and electron density of     
-0.789 on the O16 oxygen of the ring.  The polarized C2–O16 bond possesses bond distance of  
1.382Å in the absence of hydration. The amino group at the C4 position forms an intramolecular 
hydrogen bond with the carbonyl oxygen to improve the charge transfer between explicit water 
molecules and N-DANA complex,  its structure is shown in the Figure 4(a).     
                 
Figure 4(a) 4-amino-DANA-guandino complex      Figure 4(b) Mono-hydrated structure  
The first water molecule is added in the vicinity of carboxylate oxygen and the added water 
molecule forms an acceptor hydrogen bond 1.797Å with the carboxylate oxygen of N-DANA and 
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its structure is shown in Figure 4(b).  The formed explicit mono-hydrated structure provides a 
cluster continuum solvation free energy of -41.9 kcal/mol and it is higher than the parent 
complex.  Therefore, the mono-hydrated structure invalidates the specific binding of explicit 
water molecule in the functional site of N-DANA complex.    The second water molecule is 
added molecule in the vicinity the carboxylate oxygen and the added water molecule forms a 
hydrogen bridge between carboxylate oxygen and C8 hydroxyl group and its structure is shown in 
the Figure 4(c).  The formed explicit di-hydrated structure provides a cluster continuum solvation 
free energy of -38.73 kcal/mol.  The solvation free energy is higher than the mono-hydrated 
structure and thus accommodates no specific binding of explicit water molecules in the functional 
site of N-DANA complex.  The added second water molecule has no significant effect on the C2–
O16 and C2=C3 bond and thus favors the structural integrity.   A third water molecule is added in 
the vicinity of the amino group and it acts as a hydrogen bridge by forming hydrogen bonds 
2.167Å and 1.634Å between the amino group and the acetamide group.    
          
  Figure  4(c) Di-hydrated structure                             Figure 4(d) Tri-hydrated Structure 
The resulting trihydrated structure of N-DANA complex provides a cluster continuum solvation 
free energy of -31.23 kcal/mol, with no specific binding of explicit water molecules in the 
functional site.  The added third water molecule undermines the hydrogen bond formed by a di-
hydrated structure and it makes the C2–O16 bond highly polarized by decreasing the charges of  
C2 carbon and the O16 oxygen. The fourth water molecule is added in the space between the 
carbonyl group and C7 hydroxyl group and the added water molecule forms a hydrogen bridge 
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between carbonyl oxygen and C7 hydroxyl group and this hydrogen bridge is shown in the Figure 
1(e).  
               
Figure 1(e) , Tetra-hydrated structure                         Figure 1(f) Penta-hydrated structure  
The resulting explicit tetra-hydrated structure provides a cluster continuum solvation free energy 
of -30.09 kcal/mol and this suggests that the solvation free energy is higher than the tri-hydrated 
structure.  Therefore, it invalidates the specific binding of water molecules in a functional site of 
N-DANA complex.  Furthermore, the solvation analysis reveals that the hydrated water 
molecules favors the bulk interaction and thus attains a higher solvation free energy.  The fifth 
water molecule is added in the vicinity of amine nitrogen and the added water molecule forms an 
acceptor hydrogen bond 1.985Å with the amine nitrogen and its structure is shown in the 
Figure4(f).  The resulting explicit penta hydrated structure of N-DANA complex provides a 
cluster continuum solvation free energy of -25.89 kcal/mol and it discloses that the added water 
molecule increases the solvation free energy. Hence, it nullifies the specific binding of explicit 
water molecule in the functional site of N-DANA complex.  It further discloses that increase in 
hydration increases the bulk solvent interaction and thus invalidates the specific binding effect of 
explicit water molecules.  A sixth water molecule is added in the vicinity of C9 hydroxyl group 
and the added sixth water molecule forms an acceptor hydrogen bond 1.786Å with the hydroxyl 
group and a donor hydrogen bond 2.015Å with the amide nitrogen.  The formed explicit hexa-
hydrated structure provides a cluster continuum solvation free energy of -19.08 kcal/mol and this 
remarks that the solvation free energy steeply increases as a function of explicit water molecules.   
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Figure 4(g) Hexa-hydrated structure                      Figure 4(h) Hepta-hydrated structure  
The explicit hexa-hydrated structure has large number of water molecules and it causes multiple 
hydrogen bond formation with same functional site and results in hydrogen bonding cooperative 
effects.  Hence, it attains a higher solvation free energy with no specific binding of explicit water 
molecules in the functional site of N-DANA complex.  The plot in figure 5, indicates that the 
cluster continuum solvation free energy of N-DANA complex increases as a function of water 
molecules and thus invalidates the specific effect of explicit water molecules. The seventh water 
molecule is added in the vicinity of C8 hydroxyl group and the added water molecule forms an 
acceptor hydrogen bond 1.802Å with the C7 hydroxyl group and a donor hydrogen bond 1.883Å 
with the neighboring water molecule and its structure is shown in the Figure 4(h).  The resulting 
explicit hepta-hydrated structure of N-DANA complex provides a cluster continuum solvation 
free energy of -17.56 kcal/mol and it is higher than the solvation free energy of N-DANA 
complex.  Therefore it nullifies the specific binding of explicit water molecules in the functional 
site of N-DANA complex.   The hydrogen bonding cooperative effects and water-water molecule 
interaction causes a higher solvation free energy of hepta-hydrated structure. The explicit cluster 
continuum solvation analysis of 4-amino-DANA complex reveals that there is no significant 
specific binding of water molecule in the functional site of 4-amino-DANA and the added water 
molecules favors a bulk interaction and increases the solvation free energy
111
.  The analysis 
provides a minimum solvation free energy of -44.39 kcal/mol; which corresponds to the N-
DANA parent complex and it is the solvation free energy of N-DANA explicit hydrated systems.  
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Figure 5, Solvation energy of N-DANA as a function of explicit water molecules 
Hydration of N-DANA complex results in structural distortion by altering the C2–O16 and 
C2=C3 bond distance and thus affects the binding affinity of the substrate.  The gas phase 
hydration energy of N-DANA complex decreases as a function of water molecules and hence it 
validates specific binding of explicit water molecules in the  functional site of N-DANA.   
5.4  SOLVATION ANALYSIS OF 4-GUANDINO-DANA COMPLEX 
The C4-substituted 4-amino-DANA is predicted
112,113 
that it has a higher affinity than the parent 
DANA.  A further analysis on the C4 hydroxyl group of DANA shows that it could accommodate 
larger basic functional group than the amino group and as a result guandino functional group is 
introduced at the C4 position and its structure is shown in Figure 6.  The biologically important 
compounds such as amino acids and peptides are present in ionic form in liquid phase and hence, 
it is important to study the geometries of essential compounds in ionized form in aqueous 
solution
114
.  The water is recognized as the major structuring factors of bio-molecules and as a 
natural solvent of biological macromolecules, it influences many aspects of biological function.   
The water-protein interaction has long been recognized as a major determinant of conformational 
stability, internal dynamics, and binding specificity of proteins. Protein stability still needs a clear 
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description on the effect of explicit hydration on structural and dynamical properties in the 
biological functions
115
.   
 
Figure 6, 4-guandino-DANA 
The favorable interactions between various functional groups and the residues within the binding 
pocket of the substrate were revealed through the application of GRID software. Especially, the 
significance of the C4 hydroxyl group of sialyate compound is well known for the major binding 
domain within the sialidase active site.  This realization leads attention to the replacement of C4 
hydroxyl group by a basic group such as a guandino group.  Its presence in the C4 position 
increases the binding affinity towards the enzyme substrate.  Hence, explicit hydration pattern of 
this compound is explored by adding water molecules in the functional sites of 4-guandino-
DANA to improve the binding affinity of the substrate and to the design of sialidase antiviral 
inhibitors.  
5.4.1 RESULTS AND DISCUSSION 
The 4-guandino–DANA complex in the absence of explicit hydration provides a cluster 
continuum solvation free energy of -50.34 kcal/mol with a positive charge density of 0.342 on the 



















O15 bond distance of 1.760Å. The solvation free energy of 4-guandino-DANA is higher than the 
DANA and N-DANA and hence, it is more hydrophilic due to the C4 guandino group.      
            
 Figure 6(a), 4-G-DANA-guandino complex              Figure 6(b), Monohydrated structure 
The first water molecule is added in the in the vicinity of C4 guandino group and the  added water 
molecule forms an acceptor hydrogen bond 1.839Å with the carbonyl oxygen and a donor 
hydrogen bond 1.951Å with the amide group, its structure is shown in Figure 6(b).  The resulting 
explicit mono-hydrated structure of 4-guandino-DANA complex provides a cluster continuum 
solvation free energy of -45.31 kcal/mol and it discloses that the added water molecule increases 
the solvation free energy with no specific binding of explicit water molecules in the functional 
site of guandino-DANA.  It is noted that the added water molecule involves in the bulk solvent 
interaction and thus increases the solvation free energy of the 4-guandino complex.  The mono-
hydrated structure lengthens the C2–O15 bond and causes structural distortion of the ring.  The 
second water molecule is added in the vicinity of C4 guandino group and the added water 
molecules forms an acceptor hydrogen bond 1.808Å with the carbonyl oxygen and donor 
hydrogen bond 2.055 Å with the guandino group and its structure is shown in the Figure 6(b).   
The formed di-hydrated structure provides a cluster continuum solvation free energy of -43.05 
kcal/mol with no specific binding of explicit water molecules in the functional site of 4-guandino-
DANA complex.  It clearly shows that the explicit hydration increases the solvation free energy 
and invalidates the specific binding of explicit water molecules.   
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     Figure 6(c), Di-hydrated complex                             Figure 6(d), Tri-hydrated complex  
The third water molecule is added in the vicinity of C8 hydroxyl group and the added water 
molecule forms a donor hydrogen bond 1.842Å with the C8 hydroxyl group and an acceptor 
hydrogen bond 1.809Å with O16 oxygen, its structure is shown in the Figure 6(d).  
              
      Figure 6(e), Tetra-hydrated structure                  Figure 6(f), Penta-hydrated structure 
The formed explicit tri-hydrated structure of 4-guandino-DANA complex provides a cluster 
continuum solvation free energy of -41.33 kcal/mol with no specific binding effect of explicit 
water molecules in the functional site of 4-guandino-DANA complex.  The fourth water molecule 
is added in the space between C9 hydroxyl group and carbonyl oxygen of acetamide and the 
added fourth water molecule forms a hydrogen bridge between C9 hydroxyl group 1.966Å and 
carbonyl oxygen 2.661Å by forming acceptor hydrogen bonds and its structure is shown in the 
Figure 6(e).  The resulting explicit tetra-hydrated structure provides a cluster continuum solvation 
free energy of -35.39 kcal/mol and it appears that the solvation free energy increases as a function 
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of water molecules and thus invalidates the specific binding of explicit water molecules in a 
functional site of guandino-DANA complex.    
 
Figure  7, Solvation free energy of 4-guandino-DANA complex as a function of water molecules 
The fifth water molecule is added in the vicinity of carboxylate oxygen and the added water 
molecule forms an acceptor hydrogen bond 1.877Å with the carboxylate oxygen.  The resulting 
penta-hydrated structure provides a cluster continuum solvation free energy -30.55 kcal/mol and 
it is higher than the parent complex.  Thus it invalidates the specific binding of explicit water 
molecule due to the higher solvation free energy. The sixth water molecule is added in the 
vicinity of guandino group and the added water molecule forms a donor hydrogen bond 2.015Å 
with the guandino group. The resulting explicit hexa-hydrated structure provides a cluster 
continuum solvation free energy of -26.74  kcal/mol and it reveals that the added water molecules 
increase the solvation free energy.  Hence, it invalidates the specific binding of explicit water 
molecules in a functional site of 4-guandinino-DANA complex.    The hexa-hydrated structure 
increases the bond distance of C2–O15 and causes structural distortion of the ring.  A plot in 
figure 7 clearly indicates that the cluster continuum solvation free energy increases as a function 
of water molecules and thus nullifies the specific binding of explicit water molecules in a 
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functional site of 4-guandino-DANA complex.  The seventh water molecule is added in the space 
between amide group and guandino group and the added water molecule forms a donor hydrogen 
bond 1.789Å with the neighboring water molecule and an acceptor hydrogen bond 1.801Å with 
the neighboring water molecule bonded to amine nitrogen.  The resulting hepta-hydrated structure 
provides a cluster continuum solvation free energy -24.33 kcal/mol by favoring the bulk 
interaction.   
       
      Figure 6(g) Hexa-hydrated complex                   Figure 6(h), Hepta-hydrated complex 
It is apparent that the hydrogen bonding cooperative effects and water-water molecule interaction 
in a hepta-hydrated structure drastically increases the solvation free energy and causes a poor 
specific binding of explicit water molecules in the functional site of guandino-DANA complex. 
The formation of hydration layer after the penta-hydrated structure increases the cooperative 
effects and hence attains a higher solvation free energy with no specific binding effect.  The 
explicit cluster continuum solvation analysis of 4-guandino-DANA complex highlights that the 
solvation free energy of the complex increases as a function of water molecules and thus 
invalidates the specific binding of explicit water molecules. Besides, the solvation analysis 
provides a minimum solvation free energy of 50.34 kcal/mol for a 4-guandino-DANA complex in 
the absence of hydration and it is the solvation energy of 4-guandino-DANA hydrated systems. 
The gas phase hydration study elucidates that the hydration energy of 4-guandino-DANA 
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complex decreases as a function of water molecules
116
 and thus attests the specific binding effect 
and presence of water molecule in the vicinity of functional site. 
5.5 TAMIFLU GUANDINO COMPLEX  
The tamiflu inhibitor is based on the carbocyclic structure with an ethoxy group attached at the 
C6-position 
117 
and it uses carbocyclic ring instead of pyranose ring used in DANA and sialyate 
derivatives,  its structure is shown in Figure 8. 
 
Figure 8, 4-Acetylamino-5-amino-3-(1-ethyl-propoxy)- 
             Cyclohex-1-enecarboxylic acid anion 
 
Tamiflu is a powerful inhibitor of sialidase with a higher binding affinity
118
 and this revolutionary 
carbocyclic inhibitor established a new era in the anti influenza inhibitors. The major advantage 
of tamiflu inhibitor is, it does not contain polarization region in its ring and this attributes to the 
higher binding affinity of tamiflu.  This section will address the cluster continuum solvation 
investigation of tamiflu complex to examine the specific binding of explicit water molecule in the 
functional site of tamiflu complex to design tamiflu inhibitor with an enhanced binding affinity.   
The tamiflu is called as 4-acetylamino-5-amino-3-(1-ethyl-propoxy)-cyclohex-1-enecarboxylic 














5.6.1 RESULTS AND DISCUSSION  
The tamiflu-guandino complex in the absence of explicit hydration provides a solvation free 
energy of -32.7 kcal/mol and it is relatively higher than the pyranose derivatives like DANA and 
sialyates.  It shows that the tamiflu is less hydrophilic in nature. The first water molecule is added 
in the bay space between alkyl ethoxy linkage and amide linkage of the ring.  The added water 
molecule forms a donor hydrogen bond 2.024Å with the amine and an acceptor hydrogen bond 
1.815Å with the oxygen of ether linkage and its structure is shown in the Figure 8(a).  The formed 
mono-hydrate structure provides a cluster continuum solvation free energy of -31.79 kcal/mol and 
it remarks that no specific binding of explicit water molecule occurs in the tamiflu complex.    
           
  Figure 8(a) Tamiflu-methyl guandino                  Figure 8(b) Mono-hydrated structure  
The second water molecule is added in the vicinity of carbonyl oxygen and the added water 
molecule forms an acceptor hydrogen bond 1.843Å with the carbonyl oxygen and it is shown in 
the Figure-8(c).   The resulting di-hydrated structure provides a solvation free energy of –24.47 
kcal/mol and it is higher than the mono-hydrated structure.  The increase in solvation free energy 
of di-hydrated structure nullifies the specific binding of explicit water molecules in the functional 
site of tamiflu complex.  An absence of polarized C–O linkage makes the tamiflu to attain a 
higher solvation free energy than the pyranose derivatives.   The third water molecule is added in 
the vicinity of amino group and the added water molecule forms an acceptor hydrogen bond 
2.022Å with the amino nitrogen.  The resulting tri-hydrated structure provides a cluster 
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continuum solvation energy free of –16.29 kcal/mol and it appears that the added third water 
molecules steeply increases the solvation free energy of tamiflu complex.      
                 
               
         Figure 8(c) Dihydrated Structure                        Figure 8(d) Trihydrated Structure  
Therefore, it validates the specific binding of explicit water molecules in a functional site of 
tamiflu complex.   
                
     Figure 8(e) Tetra hydrated structure                  Figure 8(f) Penta hydrated Structure 
The fourth water molecule is added in the vicinity of carboxylate group and the added fourth 
water molecule forms an acceptor hydrogen bond 1.944Å with the carboxylate oxygen and its 
structure is shown in the Figure 8(e).  The resulting tetra-hydrated structure provides a cluster 
continuum solvation free energy of -18.39 kcal/mol with no specific binding of explicit water 
molecule in a functional site of tamiflu complex.  The added fourth water molecule increases the 
electron density of C4 carbon from -0.112 to -0.095 and thus causes a higher solvation free 
energy of tamiflu complex. Hence the solvation analysis indicates that the amine nitrogen, 
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carbonyl oxygen, amino group and carboxylate were not effective for water binding.  A fifth 
water molecule is added in the space between carbonyl oxygen and amino group and the added  
water molecule forms a hydrogen bridge between carbonyl oxygen 2.18Å and the neighboring 
water molecule at 1.904Å and it is illustrated in the Figure 8(g).  The resulting  penta-hydrated 
structure provides a cluster continuum solvation free energy of -7.56 kcal/mol and it shows that 
the water molecule fails to produce specific binding effect in the functional site of tamiflu 
complex.  Especially water-water molecule interaction causes the explicit penta-hydrated 
structure to attain a higher solvation free energy in the hydrated systems studied.   An absence of 
polarizable on C–O bond and the presence of bulky alkoxy group favors tamiflu complex to attain 
a higher solvation free energy and therefore, nullifies the specific binding effect.  A sixth water 
molecule is added in the bay space between amide linkage and amino group.  The added water 
molecule involves in the water-water molecule interaction by forming a donor hydrogen bond 
1.768Å and an acceptor hydrogen bond 1.698Å with neighboring water molecule bonded to 
carbonyl oxygen.   
                
     Figure 8(g) Hexa hydrated structure                    Figure 8(h) Hepta hydrated Structure 
The resulting hexa-hydrated structure provides a cluster continuum solvation free energy of -8.44 
kcal/mol with no specific effect of explicit water molecules in the functional site of tamiflu 
complex.  The large number of water molecules in the hexa-hydrated structures produces 
hydrogen bonding cooperative effects and it eventually increases the solvation free energy of the 
complex.   The seventh water molecules is added in the vicinity of water molecule bonded to the 
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carboxylate oxygen and the added water molecule involves in water-water molecule interaction 
by forming an acceptor hydrogen bond 1.793Å with neighboring water molecule of  carboxylate 
oxygen and its structure is shown in the Figure 8(h).  The resulting hepta-hydrated structure 
provides a cluster continuum solvation free energy of -5.11 kcal/mol and it shows that the added 
water molecule increases the solvation free energy.  Therefore, the hepta-hydrated structure 
invalidates the specific binding of explicit water molecules in the functional site of tamiflu 
complex.  The plot in Figure 9, clearly indicates that the cluster continuum solvation free energy 
of tamiflu complex increases as a function of water molecules and thus invalidates the specific 
binding effect of explicit water molecules in the functional site of tamiflu complex.  Besides, the 
added explicit water molecules favor the bulk interaction.    
 
Figure 9, Solvation free energy of tamiflu complex as a function of explicit water molecules 
An absence of polarized C–O linkage causes tamiflu to attain a higher solvation free energy. In 
addition, Table IV shows that the gas phase hydration energy decreases as a function of water 
molecule and thus accommodates the specific binding of explicit water molecules in the 
functional site of tamiflu complex.  
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5.6 BCX GUANDINO COMPLEX  
BCX is cyclo pentane derivative and has a higher binding affinity than the carbocyclic and 
cyclohexane derivatives and its chemical name is 3-(1-Acetylamino-2-methyl-propyl)-4-
guanidino-2-hydroxy cyclopentane carboxylic acid anion. It is a novel inhibitor of sialidase 
enzyme and its design is based on the catalytic-binding site of the neuraminidase protein and its 
structure is shown in the Figure 10.  It has a striking inhibiting effect on a spectrum of influenza 
viruses as determined by neuraminidase inhibition tests as well as inhibition of virus growth
135
. 
Water molecules were added to the functional sites of BCX to deal explicit solvation and its 
specific binding effect near the functional site of the BCX compound. 
 
Figure 10 3-(1-Acetylamino-2-methyl-propyl)-4-guanidino- 
                       2-hydroxy-cyclopentanecarboxylic acid anion (BCX) 
 
X-ray crystal structures NA complexes with known five- and six-member ring inhibitors revealed 
that potent inhibition of the NA is determined by the relative positions of the substituents 
(carboxylate, glycerol, acetamido, and hydroxyl) rather than by the absolute position of the 
central ring. This theory leads to the design of potential neuraminidase inhibitors in which the 
cyclopentane ring served as a scaffold
120
 for substituents (carboxylate, guanidino, acetamino, and 
alkyl) that would interact with the four binding pockets of the NA active site at least as 
effectively as those of the established six-member ring inhibitors such as DANA.  Therefore, 











5.6.1 RESULTS AND DISCUSSION  
BCX-guandino complex in the absence of explicit hydration provides a solvation free energy of -
30.90 kcal/mol with a charge density of -0.207 on the C17 carbon.  It appears that BCX is less 
hydrophilic than the carbocyclic and pyranose cyclohexane ring derivatives.  Furthermore BCX 
forms an intramolecular hydrogen bond between carbonyl oxygen and guandino nitrogen to 
improve the binding affinity of the substrate and it is shown in the Figure 10(a).  The first water 
molecule is added in the vicinity of C17 hydroxyl group and the added water molecule forms a 
donor hydrogen bond 1.876Å with the hydroxyl group and an acceptor hydrogen bond 1.749Å 
with the carboxylate oxygen; its structure is shown in the Figure 10(b). The formed mono-
hydrated structure provides a cluster continuum solvation free energy of -37.2  kcal/mol with a 
charge density of -0.297 on the C19 atom.  It appears that the added water molecule decreases the 
solvation free energy and thus accommodates the specific binding of explicit water molecules in a 
functional site of BCX complex.     .   
                
               Figure 10(a) BCX-guandino complex           Figure 10(b) Mono-hydrated structure  
Hence, presence of water molecule in the vicinity of C17 hydroxyl group is validated.  The higher 
charge density of C19 atom shortens the bond distance of C17–C19 from 1.57Å to 1.529Å and it 
eventually accounts for structural distortion of the cyclo pentane ring.  The second water 
molecule is added near the functional site of guandino group and the added second water 
molecule forms an acceptor hydrogen bond 1.779Å with the guandino nitrogen atom and forms a 
donor hydrogen bond 1.819Å with protonated methyl guandino.  The resulting di-hydrated 
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structure provides a cluster continuum solvation free energy of -29.75 kcal/mol and it is identical 
with parent BCX complex.  Hence, it appears that the addition of second water molecule 
increases the solvation free energy and thus accommodates the poor specific binding of explicit 
water molecule in a functional site of BCX complex.  The third water molecule is added in the 
vicinity of carbonyl oxygen and the added water molecule forms a hydrogen bridge between 
carbonyl oxygen and C17 hydroxyl group; its structure is shown in the Figure 10(d).  The 
resulting explicit tri-hydrated structure provides a cluster continuum solvation free energy of  -
27.17 kcal/mol with the electronic charge density of -0.298 on the C19 atom.   
                
           Figure 10(c) Di-hydrated Structure                            Figure 10(d) Tri-hydrated Structure 
It is clear that the added third water molecule increases the solvation free energy and thus 
invalidates the specific binding of explicit water molecules in the functional site of BCX 
complex.  The fourth water molecule is added in the vicinity of carboxylate oxygen and the added 
water molecule forms an acceptor hydrogen bond 1.88Å with the carboxylate oxygen and its 
structure is shown in the figure 10(d).  The formed explicit tetra-hydrated structure provides a 
cluster continuum solvation free energy of -25.36 kcal/mol, with no specific binding of explicit 
water molecules in a functional site of BCX complex.  Furthermore, a plot in Figure 11 clearly 
attests the ascending profile of solvation free energy as a function of water molecule and thus 
invalidates the specific binding of explicit water molecules.  The fifth water molecule is added in 
the vicinity of guandino group and the added water molecule forms an acceptor hydrogen bond 
1.67Å with guandino nitrogen and donor hydrogen bond 2.019Å with the neighboring water 
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molecule; its structure is shown in the Figure 10(f).  The resulting explicit penta-hydrated 
structure provides a cluster continuum solvation free energy of -21.02 kcal/mol.  It discloses that 
the added water molecule increases the solvation free energy and thus invalidates the specific 
binding of explicit water molecules.   
                  
Figure-10(e) Tetra-hydrated structure                            Figure-10(f) Pent-hydrated structure  
The sixth water molecule is added in the vicinity of amine nitrogen of guandino group and the 
added water -molecule forms an acceptor hydrogen bond 2.033Å with amine nitrogen and its 
structure is shown in the Figure 10(g).  The resulting hexa-hydrated structure of BCX provides a 
cluster continuum solvation free energy of -16.37 kcal/mol, with no specific binding effect of 
explicit water molecule in the functional site of  BCX complex.    
 
Figure 11, Solvation free energy of BCX complex as a function of water molecules   
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The plot in Figure 11, shows the absence of specific binding of explicit water molecules in a 
functional site of BCX complex and hence, the added explicit water molecule favors the bulk 
interaction.  The seventh water molecule is added just adjacent to C17 hydroxyl group and the 
added seventh water molecule forms an acceptor hydrogen bond 1.789Å with the hydroxyl group 
and a donor hydrogen bond 1.864Å with the neighboring water molecule bonded to carbonyl 
oxygen and it is shown in the Figure 10(h).  
   
 
Figure 10(g) Hexa-hydrated structure               Figure 10(h) Hepta-hydrated structure 
The formed explicit hepta-hydrated structure provides a cluster continuum solvation free energy 
of -15.37 kcal/mol and this predicts that no specific binding of explicit water molecules occurs in 
a functional site of BCX complex.  The water-water molecule interaction in the hepta-hydrated 
structure increases hydrogen bonding cooperative effects and therefore, it increases the solvation 
free energy and consequently undermines the specific binding effect.  The cluster continuum 
solvation analysis of BCX complex signifies that the solvation free energy increases as a function 
of explicit water molecule and thus invalidates the specific binding of explicit water molecules in 
the functional site of BCX complex. The solvation analysis shows that there could be a presence 
of specific water molecule near the C17 hydroxyl group in a mono-hydrated structure.  The gas 
phase hydration studies of BCX complex reveals that the hydration energy decreases as a function 
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of water molecule and thus accommodates presence of water molecule in the functional site of 
BCX complex.   
5.7 CLUSTER CONTINUUM INVESTIGATION OF ANIONIC SUBSTRATES 
5.7.1 DANA ANION 
The previous section deals the cluster continuum solvation investigation of substrate-complex and 
the current section deals the solvation analysis of anionic substrates.  The DANA in anionic form 
is subjected to the cluster continuum solvation investigation to identify the solvation pattern and 
the presence of water molecules in its functional site.  The DANA anion in the absence of explicit 
hydration provides a solvation free energy of -81.19 kcal/mol.  The first water molecule is added 
in the vicinity of amide group and the added water molecule forms a donor hydrogen bond 
1.993Å with the amide group and acceptor hydrogen bond 1.826Å with the C9 hydroxyl group; 
its structure is shown in the Figure 12(b).  The resulting explicit mono-hydrated structure 
provides a cluster continuum solvation free energy of -78.22 kcal/mol.  It is appears that the 
hydration increases the solvation free energy of DANA anion and thus invalidates a specific 
binding of explicit water molecules in a DANA anion. The mono-hydrated structure increases the 
intramolecular interaction between carbonyl oxygen and C4 hydroxyl group from 2.006Å to 
1.987Å and thus improves the charge transfer between anion and added explicit water molecules.       
                   
 Figure 12(a) DANA anion                                       Figure 12(b) Mono-hydrated Structure  
The second water molecule is added in the vicinity of C4 hydroxyl group and the added water 
molecule forms a donor hydrogen bond 1.87Å with the hydroxyl group and an acceptor hydrogen 
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bond 1.8Å with carbonyl oxygen and its structure is shown in the Figure 12(c).  The formed 
explicit di-hydrated structure of DANA anion provides a cluster continuum solvation free energy 
of -71.04 kcal/mol.  It is clear that the added water molecule increases the solvation free energy 
and thus nullifies the specific binding effect in the functional site of DANA anion. The               
di-hydrated structure shortens the  C2=C3 bond distance due to the strong hydrogen bonding of 
water molecule with the carboxylate oxygen and thus causes structural distortion of the ring.   
                    
Figure 12(c) Di-hydrated anion structure                       Figure 12(d) Tri-hydrated structure  
The third water molecule is added in the space between C8 and C9 hydroxyl group and the added 
water molecule forms an acceptor hydrogen bond 1.659Å with the carboxylate oxygen and a 
donor hydrogen bond 1.922Å with the C8 hydroxyl group.     
               
   Figure 12(e) Tetr- hydrated structure                        Figure 12(f) Penta-hydrated structure  
The formed explicit tri-hydrated structure of DANA anion provides a cluster continuum solvation 
free energy of -72.28 kcal/mol, with no specific binding effect of explicit water molecules in a 
functional site of DANA anion.  The added third water molecule lengthens the C2=C3 bond and 
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accounts for structural distortion of the ring.  The fourth water molecule is added in the vicinity of 
carboxylate oxygen and the added water molecule forms an acceptor hydrogen bond 1.574Å with 
the carboxylate oxygen and a donor hydrogen bond 1.663Å with C9 hydroxyl group and its 
structure is shown in the Figure 12(e).  The resulting explicit tetra-hydrated structure of DANA 
anion provides a cluster continuum solvation free energy of -72.50 kcal/mol.  It is apparent that 
the added fourth water molecule increases the solvation free energy with no specific binding 
effect of explicit water molecule in a functional site of DANA anion and thus favors the bulk 
interaction.   The fifth water molecule is added in the vicinity of carboxylate oxygen and the 
added water molecule forms an acceptor hydrogen bond 1.788Å with carboxylate oxygen and its 
structure is shown in the Figure 12(f).  The resulting explicit penta-hydrated structure provides a 
cluster continuum solvation free energy of -69.12 kcal/mol. It appears that the added water 
molecule increases the solvation free energy and thus invalidates the specific binding of explicit 
water molecules in a functional site of DANA anion.   The sixth water molecule is added in the 
vicinity of amine nitrogen and the added water molecule forms a donor hydrogen bond 1.898Å 
with the amine group and an acceptor hydrogen bond 1.757Å with the C9 hydroxyl group; its 
structure is shown in the Figure 12(g).  The resulting explicit hexa- hydrated structure provides a 
cluster continuum solvation free energy of -60.87 kcal.  It discloses that the added water molecule 
increases the solvation free energy and thus invalidates the specific binding of explicit water 
molecule in a functional site of DANA anion. 
                           
   Figure 12(g) Hexa-hydrated structure                   Figure 12(h) Hepta-hydrated structure  
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The hydrogen bonding cooperative effects caused by the water-water molecule interaction 
increases the solvation free energy of hexa-hydrated structure. The plot in figure-13, indicates 
that the solvation free energy of DANA anion increases as a function of water molecules and thus 
nullifies the specific binding of explicit water molecules in a functional site of DANA anion.  The 
seventh water molecule is added in the vicinity of methyl group and the added water molecule 
forms an acceptor hydrogen bond 1.787Å and a donor hydrogen bond 1.92Å with the neighboring 
water molecule; its structure is shown in the Figure 12(h).  The resulting explicit hepta-hydrated 
structure provides a cluster continuum solvation free energy of -49.59 kcal/mol.  It discloses that 
added water molecules increases the  solvation free energy and hence, invalidates the specific 
binding of explicit water molecules in a functional site of DANA anion.    The cluster continuum 
solvation analysis of DANA anion indicates that the solvation free energy of DANA anion 
increases as a function of water molecules and therefore nullifies the specific binding effect by 
favoring the bulk interaction of explicit water molecules.    
 
             Figure 13, Solvation free energy of DANA anion as a function of water molecule. 
The solvation analysis of DANA anionic hydrated systems provides a minimum solvation free 
energy of -81.19 kcal/mol; which, corresponds to the DANA anion and it reveals that added water 
molecules increases solvation free energy and has no specific binding effect.   The gas phase 
Cluster Continuum solvation analysis  of DANA anion as a 
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hydration energy of DANA anion decreases as a function of water molecules and hence, it 
validates the specific binding of explicit water molecules in its functional site.   
5.7.2 SOLVATION ANALYSIS 4-AMINO-DANA (OR) N-DANA ANION  
The 4-amino-DANA anion is subjected to the cluster continuum solvation investigation to 
identify the specific binding of explicit water molecule in its functional site.  The N-DANA anion 
in the absence of explicit hydration provides a solvation free energy of -84.23 kcal/mol with the 
C2=C3 bond distance of 1.32Å and C2–O16 bond distance of 1.393Å.  The Figure 14(a), shows 
that the amino group at the C4 position forms an intramolecular hydrogen bond 2.286Å with the 
carbonyl oxygen to improve the binding affinity. The first water molecule is added in the vicinity 
of carboxylate oxygen and the added water molecule forms an acceptor dihydrogen bond  2.15 Å 
& 2.122Å with the carboxylate group and it is shown in the Figure 14(b).  The formed explicit 
mono-hydrated structure provides a cluster continuum solvation free energy of -74.44 kcal/mol.  
This indicates that the hydration increases the solvation free energy and thus undermines the 
specific binding of explicit water molecule in the functional site of N-DANA anion.  The explicit 
hydration lengthens the C2=C3 and C2–O16 bond distance and hence, causes structural distortion 
of the ring.    The second water molecule is added in the vicinity of carboxylate oxygen and the 
added water molecule forms an acceptor hydrogen bond 1.986Å with the carboxylate oxygen and 
a donor hydrogen bond 2.081Å with the neighboring water molecule and it is shown in the 
Figure14(c). 
                      
  Figure 14(a) 4-amino-DANA anion                         Figure 14(b) Mono-hydrated structure 
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The formed explicit di-hydrated structure provides a cluster continuum solvation free energy of     
-75.18 kcal/mol and it discloses that the added water molecule has no specific binding effect and 
it increases the solvation free energy to favor the bulk interaction.  The third water molecule is 
added in the space between carbonyl oxygen and C4 amino group and the added water molecule 
forms an acceptor hydrogen bond 1.878Å with carbonyl oxygen and a donor hydrogen bond 
2.327Å with the C4 amino group and its structure is shown in Figure 14(d).  The formed explicit 
trihydrated structure provides a cluster continuum solvation free energy of -74.75 kcal/mol and 
thereby it remains identical with the di-hydrated structure with a neither increase nor decrease in 
solvation free energy.  It appears that the tri-hydrated structure attains alimiting value in the 
solvation free energy with poor specific binding of explicit water molecules in the functional site 
of DANA anion.   
    
                           
Figure 14(c) Di-hydrated Structure                            Figure 14(d) Tri-hydrated structure              
The fourth water molecule is added in the space between carbonyl oxygen and C7 hydroxyl 
group; the added water molecule forms a hydrogen bridge by forming hydrogen bond 2.249Å and 
1.893Å with the carbonyl oxygen and the C7 hydroxyl group.  The resulting explicit tetra- 
hydrated structure provides a cluster continuum solvation free energy of -74.37 kcal/mol and it is 
clear that the added water molecule has no effect on the solvation free energy and it remains 
identical with the tri-hydrated structure.  It seems that the amino group at the C4 position limits 
the solvation free energy due to its electron donating nature and thus reduces the charge transfer 
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between the water molecule and N-DANA anion.   Hence, specific binding of explicit water 
molecule in the tetra-hydrated structure is very poor. The fifth water molecule is added in the 
vicinity of C4 amino group and the added water molecule forms an acceptor hydrogen bond   
HNH...OHH 2.205Å with the amine nitrogen and a donor hydrogen bond 1.939Å with the 
neighboring water molecule; its structure is shown in the Figure 14(f).  The formed explicit penta- 
hydrated structure provides a cluster continuum solvation free energy of -70.01 kcal/mol.        
                        
Figure-14(e) Tetra-hydrated structure                            Figure-14(f) Penta-hydrated structure  
It reveals that the added fifth water molecule increases the solvation free energy and hence it 
invalidates the specific binding of explicit water molecules in the functional site of DANA anion.  
It appears that the added fifth water molecule disperses the limiting effect and increases the 
solvation free energy by the hydrogen bonding cooperative effects.   The sixth water molecule is 
added in the vicinity of amide group and the added water molecule forms a donor hydrogen bond 
2.017Å with the amine nitrogen and an acceptor hydrogen bond 1.762Å with C9 hydroxyl group 
and its structure is shown in Figure 14(g).   The formed explicit hexa-hydrated structure provides 
a cluster continuum solvation free energy of -63.28 kcal/mol with no specific binding of explicit 
water molecules due to the increase in solvation free energy.  The plot in Figure 15, shows that 
the solvation free energy of dense hydrated structures increases as a function of water molecule 
due to the hydrogen cooperative effects and this effect causes structural distortion of the ring.  
The seventh water molecule is added in the vicinity of C8 hydroxyl group and the added water 
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molecule forms hydrogen bridge between C8 hydroxyl group and the carboxylate oxygen by 
forming an acceptor hydrogen bonds at 2.164Å and 1.982Å and it is shown in Figure 14(h). 
                         
 Figure 14(g) Hexa hydrated structure                      Figure 4(h) Hepta hydrated structure 
The resulting explicit hepta-hydrated structure provides a cluster continuum solvation free energy 
of -55.06  kcal/mol.  It remarks that the added water molecule increases the solvation free energy 
and thus invalidates the specific binding of explicit water molecules due to the hydrogen bonding 
cooperative effects.     
 
Figure 15, Solvation free energy N-DANA anion as a function of water molecules 
The cluster continuum solvation analysis of N-DANA anion shows that the solvation free energy 
of N- DANA anion attains limiting value until the tetra-hydrated structure due to the presence of 
Cluster-Continuum solvation analysis of N-DANA anion as a 
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electron donating amino group and the solvation energy increases from penta-hydrated structure 
due to the hydrogen bond cooperative effects.  Hence, the analysis invalidates the specific binding 
of explicit water molecules in the functional site of N-DANA anion.  The gas phase hydration 
energy of 4-amino DANA anion decreases as a function of water molecules and thus establishes 
the specific binding effect of explicit water molecules in the functional site of DANA anion.  
Hence, gas phase hydration energy accommodates the presence of water molecules in the inter 
spaces between the functional site of N-DANA anion.    
5.7.3 SOLVATION ANALYSIS OF 4-GUANDINO-DANA ANION  
The 4-guandino-DANA anion is considered for the solvation analysis to determine the specific 
binding effect of explicit water molecule in its functional site.  The 4-guandino-DANA anion in 
the absence of explicit hydration provides a solvation free energy of -82.72 kcal/mol.  The 
guandino group at C4 position forms an intramolecular hydrogen bond 2.147Å with acetamide to 
improve the binding affinity of the substrate.  The first water molecule is added in the vicinity of 
guandino group and the added water molecule forms an acceptor hydrogen bond 1.819Å with the 
guandino group and a donor hydrogen bond 2.019 with amide group.     
                 
     Figure 16(a) 4-guandino-DANA anion                Figure 16(b), Mono-hydrated structure  
The formed monohydrated structure of 4-guandino-DANA anion provides a cluster continuum 
solvation free energy of   -78.67 kcal/mol. It appears that the added water molecule increases the 
solvation free energy and therefore it invalidates the specific binding of explicit water molecule in 
the functional site of 4-guandino-DANA anion.  The added water molecule increases the C2–O15 
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bond distance from 1.386Å to 1.392Å and thus causes structural distortion of the ring. The second 
water molecule is added in the vicinity of carbonyl oxygen and the added water molecule forms 
an acceptor hydrogen bond 1.773Å with the carbonyl oxygen and a donor hydrogen bond 2.133Å 
with the guandino group.  The resulting explicit di-hydrated structure provides a cluster 
continuum solvation free energy of -74.95 kcal/mol and it is higher than the mono-hydrated 
structure.  It is clear that the added water molecule increases the solvation free energy and thus 
nullifies the specific binding of explicit water molecule in the functional site of 4-guandino-
DANA anion.   The third water molecule is added in the vicinity of C8 hydroxyl group and the 
added water forms an acceptor hydrogen bond 1.877Å with the oxygen and a donor hydrogen 
bond 1.96 Å with the C8 hydroxyl group and it is shown in the Figure 16(d).  The formed explicit 
tri-hydrated structure provides a solvation free energy of  -70.46 kcal/mol and this indicates that 
the added water molecule increases the solvation free energy with no specific binding of explicit 
water molecule in the functional site of 4-guandino-DANA anion.   The added water molecule 
shortens the C2–O16 bond and lengthens the C2=C3 bond; thereby it causes structural distortion 
of the ring.     
             
        Figure 16(c), Di-hydrated structure               Figure 16(d) Tri-hydrated structure   
The fourth water molecule is added in the bay space between the C9 hydroxyl group and the 
carbonyl oxygen.  The added fourth water molecule forms a hydrogen bridge between carbonyl 
oxygen and C9 hydroxyl group and it is shown in the Figure 16(e). The formed tetra-hydrated 
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structure provides a cluster continuum solvation free energy of -64.5 kcal/mol and this shows  the 
bulk solvent interaction.  It further reveals that the added water molecule increases the solvation 
free energy and therefore invalidates the specific binding of explicit water molecules in a 
functional site of 4-guandino-DANA anion.   It appears that the explicit hydration increases the 
bond distance of C2–O16 and causes structural distortion of the ring.   The fifth water molecule is 
added just adjacent to the carboxylate oxygen and the added water molecule forms an acceptor 
hydrogen bond 1.84Å with the carboxylate oxygen.  The formed explicit penta-hydrated structure 
provides a cluster continuum solvation free energy of -63.74 kcal/mol and it remains identical 
with tetra-hydrated structure.  The increase in solvation free energy invalidates the specific 
binding effect of explicit water molecule in the functional group of 4-guandino-DANA anion.    
                        
   Figure 16(e), Tetra-hydrated structure             Figure 16(f), Penta-hydrated structure 
The sixth water molecule is added in the vicinity of hydrated water molecule bonded to the amide 
group and the added water molecule participates in the water-water molecule interaction by 
making hydrogen bond interaction 1.809Å with the hydrated water molecule.  The resulting 
explicit hexa-hydrated structure provides a solvation free energy of -60.92 kcal/mol.  It appears 
that the added water molecule increases the solvation free energy and thus invalidates the specific 
binding effect of explicit water molecule in the functional sites of 4-guandino-DANA anion.  The 
plot in figure 17 clearly indicates that the solvation free energy of 4-guandino-DANA anion 
increases as a function of water molecules by favoring the bulk interaction and therefore, 
invalidates the specific binding effect of the explicit water molecules in the functional site.  The 
 110 
seventh water molecule is added in the space between guandino group and amide group and its 
structure is shown in the Figure 16(h).  The added water molecule involves in the water-water 
molecule interaction by forming acceptor hydrogen bond 1.776Å and donor hydrogen bond 
1.793Å with the neighboring water molecules.  The resulting explicit hepta-hydrated structure of 
4-guandino-DANA anion provides a solvation free energy of -67.69 kcal/mol.    
 
        
   Figure-16(g) Hexa-hydrated structure                      Figure-16(h) Hepta-hydrated structure 
It is clear that the added water molecule increases the solvation free energy due to the hydrogen 
bonding cooperative effects and it is not due to the specific binding of explicit water molecules.    
 
Figure 17, Solvation free energy of 4-guandino-DANA anion as a function of water molecules 
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In a nutshell, the cluster continuum solvation analysis of 4-guandino-DANA anion indicates the 
solvation free energy increases as a function of water molecules and there is no specific binding 
of explicit water molecules occurs in its functional site.  It predicts that the added water molecule 
involves in bulk interaction.   The solvation analysis provides a minimum solvation free energy of         
-82.72 kcal/mol corresponds to the parent guandino-DANA anion and therefore it is the solvation 
free energy of hydrated systems of guandino anion.  The gas phase hydration energy of 4-
guandion-DANA anion decreases as a function of water molecules and thus accommodates the 
specific binding of explicit water molecules in its functional site.  In gas phase the explicit 
hydrated water molecules have specific binding effect due to the absence of bulk solvent 
interaction.      
5.7.4 CLUSTER CONTINUUM SOLVATION ANALYSIS OF TAMIFLU ANION 
 
The structure of tamiflu is different from the pyranose derivatives and it has no polarized C–O 
linkage in the ring and hence it has limited functional sites than the  cyclohexane derivatives.   
Tamiflu anion in the absence of  explicit hydration provides a solvation free energy -80.45 
kcal/mol with the electronic charge density of -0.110 on the C4 atom and the C4=C13 bond 
distance of 1.327Å.    
                        
        Figure 18(a) Tamiflu anion                                     Figure 18(b) Mono-hydrated structure  
The first water molecule is added in the bay space between the carbonyl oxygen and ether 
oxygen, the added water molecule forms a donor hydrogen bond 2.049Å with carbonyl oxygen 
and an acceptor hydrogen bond 1.769Å with the ether oxygen and its structure is shown in the 
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figure 18(b).  The resulting mono-hydrated structure provides a c luster continuum solvation free 
energy of -81.05 kcal/mol with no increase in solvation free energy and thus it accommodates the 
specific binding of explicit water molecule in the functional site of carbonyl and ether oxygen. 
The second water molecule is added in the vicinity of carbonyl oxygen and the added water 
molecule forms an acceptor hydrogen bond 1.884Å with the carbonyl oxygen.  The resulting      
di-hydrated structure provides a cluster continuum solvation free energy of  -73.82 kcal/mol with 
a steep increase in solvation free energy.  The increase in solvation free energy invalidates the 
specific binding of explicit water molecules in the functional site of tamiflu anion and thus favors 
the bulk interaction.  The third water molecule is added in the in the vicinity of amine nitrogen 
and the added water molecule forms an acceptor hydrogen bond 2.026Å with the amino group.  
The formed tri-hydrated structure provides a cluster continuum solvation free energy of -84.62 
kcal/mol.  It appears that the added water molecule decreases the solvation free energy and 
validates the specific binding of explicit water molecule in the functional site.   
         
        Figure 18(c) Di-hydrated structure                          Figure 18(d) Tri-hydrated structure 
The low solvation free energy of tri-hydrated structure suggest that the carbonyl oxygen, amine 
nitrogen of amide and nitrogen of amino group were  the best water binding sites and the 
presence of water molecule in the above mentioned site it feasible.  The fourth water molecule is 
added in the vicinity of carboxylate oxygen and the added water molecule forms an acceptor 
hydrogen bond 1.684Å with the carboxylate oxygen and it is shown in the Figure 18(e).  The 
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resulting tetra-hydrated structure provides a solvation free energy of -65.55 kcal/mol and this 
indicates that the added water molecule decreases the solvation free energy and thus nullifies the 
specific binding effect of explicit water molecule in the functional site of tamiflu anion.    The 
fifth water molecule is added in the bay space between amide linkage and amino group. The 
added water molecule interacts with the hydrated water molecule by forming hydrogen bridge 
between carbonyl oxygen and neighboring water molecule and its structure is shown in Figure 
18(f).  The resulting explicit penta-hydrated structure provides a solvation free energy of               
-64.32 kcal/mol with no specific binding effect of explicit water molecules in the functional site 
and it remains identical with the tetra-hydrated structure.  It further signifies that the bulk solvent 
interaction progressively increases the solvation free energy. 
               
         Figure 18(e) Tetra-hydrated structure                   Figure 18(f) Penta-hydrated structure  
           
Figure 18(g) Hexa-hydrated structure               Figure 18(h) Hepta-hydrated structure 
The sixth water molecule is added in the vicinity of amide nitrogen and the added water molecule 
forms a donor hydrogen bond 2.081Å with amide nitrogen and an acceptor hydrogen bond 
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1.773Å with the neighboring water molecule bonded to the amino group and its structure is 
shown in the Figure 18(g).  The resulting explicit hexa-hydrated structure provides a cluster 
continuum solvation free energy of -68.05 kcal/mol and it proves that the added water molecule 
decreases the solvation free energy due to the hydrogen bonding cooperative effects. The plot in 
Figure 19, indicates that the hexa-hydrated structure has low solvation energy than the penta- 
hydrated structure and it is due to the water-water molecule interaction and hydrogen bonding 
cooperative effects.  Explicit hydration decreases the C4=C13 bond distance and thus causes 
structural distortion of the ring.   
 
Figure 19, Solvation free energy of tamiflu anion as a function of explicit water molecule 
The seventh water molecule is added near the functional site of carboxylate group and the added 
water molecule forms an acceptor hydrogen bond 1.779Å with neighboring water molecule and 
forms a donor hydrogen bond 2.644Å with methyl hydrogen and its structure is shown in Figure 
18(h).  The resulting hepta-hydrated structure provides a cluster continuum solvation free energy 
of -54.99 kcal/mol.  It discloses that the added water molecule steeply increases the solvation free 
energy and thus invalidates the specific binding of explicit water molecule in the functional site 
of tamiflu anion.  In summary, the cluster continuum solvation analysis of tamiflu anion reveals 
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that the solvation free energy increases as a function of water molecule and thus invalidates the 
specific binding of explicit water molecules.  It predicts that the tri-hydrated structure validates 
the presence of water molecule in the functional site of tamiflu anion.  Beside, the solvation 
analysis provides a minimum solvation free energy of-84.62 kcal/mol; which, corresponds to        
tri-hydrated structure and hence specific binding of explicit water molecule is validated.   
5.7.5 BCX ANION  
BCX is a cyclo pentane derivative and it differs from the cyclopentane and cyclohexane 
derivatives. This section addresses the cluster continuum solvation analysis of BCX anion.  BCX 
anion in the absence of explicit hydration provides a cluster continuum solvation free energy of     
-59.12 kcal/mol.  The first water molecule is added near the functional site of C17 hydroxyl group 
and the added water molecule forms a donor hydrogen bond 1.869Å with the hydroxyl group and 
an acceptor hydrogen bond 1.619Å with the carboxylate group.  The resulting mono-hydrated 
structure provides a cluster continuum solvation free energy of -65.79 kcal/mol.  It appears that 
the added water molecule decreases the solvation free energy and thus authenticates the specific 
binding of explicit water molecule in the functional site of BCX anion.   
                        
                Figure 20(a) BCX anion                             Figure 20(b) Mono-hydrated structure  
Hence, presence of water molecule is validated near the C17 hydroxyl group. In a monohydrated 
structure guandino amine nitrogen forms an intramolecular hydrogen bond 2.218Å with the 
carbonyl oxygen to improve the binding affinity and it is shown in Figure 20(b).  The plot in 
figure 21, clearly depicts the steep decrease in solvation free energy of BCX anion after the 
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formation of monohydrated structure and this indicates the specific binding effect of explicit 
water molecule.  The second water molecule is added in the vicinity of carboxylate oxygen and 
the added water molecule forms an acceptor hydrogen bond 1.736Å with carboxylate oxygen and 
a donor hydrogen bond 2.157Å with guandino nitrogen.  The resulting di-hydrated structure of 
BCX anion provides a cluster continuum solvation free energy of -61.65 kcal/mol.  It seems that 
the di-hydrated structure decreases the solvation free energy in relation to the mono-hydrated 
structure and thus validates the specific binding of explicit water molecule in the functional site 
of BCX anion.  
   
      Figure 20(c) Di-hydrated structure               Figure 20(d) Tri-hydrated structure  
Thus the di-hydrated structure accommodates the specific binding of explicit water molecule in a 
functional site of carboxylate oxygen and C17 hydroxyl group.  The third water molecule is 
added in the vicinity of carbonyl oxygen and the added water molecule forms a hydrogen bridge 
between carbonyl oxygen and C17 hydroxyl group and it is shown in the Figure 20(d).     
   
       Figure 20(e) Tetra-hydrated structure               Figure 20(f) Penta-hydrated structure  
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The resulting explicit tri-hydrated structure provides a cluster continuum solvation free energy of          
-64.57 kcal/mol and this indicates that the solvation free energy decreases as a function of water 
molecule and thus it authenticates the specific binding of explicit water molecule in the functional 
site of carbonyl oxygen.  The tri-hydrated structure increases the bond distance of C17–C19 from 
1.534Å to 1.554Å and thus causes a structural distortion of the ring.  The plot in Figure 21 clearly 
demonstrates the descending profile of solvation free energy including the tri-hydrated structure 
of BCX anion and thus illustrates the specific binding of explicit water molecule in the functional 
site of respective hydrated structures.    The fourth water molecule is added in the vicinity of 
carboxylate oxygen and the added water molecule forms an acceptor hydrogen bond 1.689Å with 
the carboxylate oxygen and a donor hydrogen bond 2.018Å with amide nitrogen.  The resulting 
explicit tetra-hydrated structure provides a cluster continuum solvation free energy of -61.77 
kcal/mol and this indicates that the solvation free energy attains a limiting value due to the limited 
functional site available in the  BCX anion.  The added fourth water molecule increases the bond 
distance of C17–C19 from 1.534Å to 1.546Å and causes structural distortion of the ring.  The 
cluster continuum analysis confirms the presence of water molecule near the carboxylate oxygen 
of the tetra-hydrated structure and a plot in figure 21 clearly authenticates it.   
 
Figure 21, Solvation free energy of BCX anion as a function of water molecules 
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The fifth water molecule is added near the functional site of carbonyl oxygen and the added water 
molecule forms an acceptor hydrogen bond 2.021Å with the carbonyl oxygen and other acceptor 
hydrogen bond 2.366Å with the neighboring water molecule bonded to C17 hydroxyl group. The 
resulting explicit penta-hydrated structure provides a cluster continuum solvation free energy of   
-65.66 kcal/mol and it remains identical with the tetra-hydrated structure.  This authenticates the 
limiting value of solvation free energy of BCX anion.  The added fifth molecule involves in 
water-water molecule interaction and it is shown in the Figure 21(f). This interaction causes 
hydrogen bonding cooperative effects and responsible for the limiting value of solvation free 
energy.     
                     
       Figure-20(g) Hexa-hydrated structure                   Figure 20(h) Hepta-hydrated structure 
The sixth water molecule is added in the vicinity of guandino nitrogen and the added sixth water 
molecule forms an acceptor hydrogen bond 1.729Å and a donor hydrogen bond 1.837Å with 
amine nitrogen and it is shown in the Figure 21(g).  The resulting explicit hexa-hydrated structure 
provides a cluster continuum solvation free energy of  63.72 kcal/mol.  It appears that the added 
sixth water molecule has no considerable effect on the solvation free energy and attains a limiting 
value.  The seventh water molecule is added just adjacent to the guandino nitrogen and the added 
water molecule forms an acceptor hydrogen bond 1.723Å with the guandino nitrogen and a donor 
hydrogen bond 1.829Å with the water molecule.  The resulting explicit hepta-hydrated structure 
provides a cluster continuum solvation free energy of –64.53 kcal/mol and it is identical with 
hexa-hydrated structure. Hence, the addition of seventh water molecule has no effect on the 
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solvation free energy of BCX anion.  A plot in Figure 21 indicates the flat profile of solvation 
free energy as a function of water molecules and thus authenticates the limiting value of solvation 
free energy of BCX anion. BCX anion has a limited functional sites and all the functional sites 
were occupied in tetra-hydrated structure and hence, addition of further water molecule has no 
effect on the solvation free energy. The solvation analysis provides a minimum solvation free 
energy of -65.79 kcal/mol for the mono-hydrated structure and hence it authenticates the specific 
binding of explicit water molecule in its functional site.  The gas phase hydration energy reveals 
that the hydration energy of BCX anion progressively decreases as a function of water molecules 















































































C2 atom  
DANA:MG 
 
-46.3 -34.62 0 0 -46.3 -34.62 -0.789 0.310 
DANA:MG:1H2O  
 
-43.42 -32.15 -12.16 -10.71 -41.92 -31.54 -0.795 0.308 
DANA:MG:2H2O 
 
-41.01 -29.56 -21.17 -22.83 -36.41 -28.7 -0.796 0.295 
DANA:MG:3H2O  
 
-40.36 -23.41 -37.99 -39.52 -34.34 -25.94 -0.798 0.302 
DANA:MG:4H2O  
 
-40.01 -28.23 -47.69 -46.07 -28.46 -24.42 -0.79 0.326 
DANA:MG:5H2O  
 
-31.73 -22.13 -67.24 -60.68 -22.81 -18.35 -0.805 0.355 
DANA:MG:6H2O  
 
-26.3 -17.62 -84.55 -79.93 -20.26 -20.89 -0.865 0.324 
DANA:MG:6H2O  
 
-18.67 -18.67 -103.84 -101.36 -14.09 -27.29 -0.824 0.325 
 





TABLE II,  SOLVATION FREE ENERGY,  CLUSTER CONTINUUM SOLVATION FREE ENERGY AND GAS PHASE WATER 


























































C2 atom  
N-DANA:MG 
 
-44.39 -33.97 0 0 -44.39 -33.97 -0.789 0.313 
N-DANA:MG:1H2O  
 
-43.07 -32.36 -13.35 -11.67 -41.9 -31.35 -0.787 0.314 
N-DANA:MG:2H2O 
 
-42.84 -30.74 -23.38 -21.33 -38.73 -29.26 -0.796 0.313 
N-DANA:MG:3H2O  
 
-35.92 -25.58 -38.22 -35.56 -31.23 -25.25 -0.805 0.309 
N-DANA:MG:4H2O  
 
-35.32 -25.15 -55.93 -55.75 -30.09 -29.10 -0.789 0.313 
N-DANA:MG:5H2O 
 
-35.44 -24.52 -68.34 -71.72 -25.89 -30.15 -0.869 0.337 
N-DANA:MG:6H2O  
 
-26.45 -17.67 -86.19 -88.44 -19.08 -26.59 -0.850 0.358 
N-DANA:MG:7H2O 
 
-25.55 -16.4 -101.17 -103.14 -17.56 -26.23 -0.857 0.360 
 
MG: Methyl Guandino; ΔGsol – Continuum solvation free energy; ΔGsol (CC) – Cluster continuum solvation free energy
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C2 atom  
4G-DANA:MG 
 
-50.34 -39.1 0 0 -50.34 -39.1 -0.801 0.342 
4GDANA-
MG:1H2O   
 
-42.98 -32.85 -17.92 17.01 -45.31 -36.61 -0.803 0.329 
4GDANA-
MG:2H2O   
 
-36.9 -27.85 -38.08 -36.29 -43.05 -36.89 -0.802 0.327 
4GDANA-
MG:3H2O   
 
-35.07 -25.3 -53.48 -50.23 -41.33 -35.53 -0.864 0.334 
4GDANA-
MG:4H2O   
 
-32.12 -23.18 -65.38 -62.72 -35.39 -32.7 -0.863 0.333 
4GDANA-
MG:5H2O   
 
-27.82 -24.25 -79.43 -70.48 -30.55 -29.73 -0.862 0.330 
4GDANA-
MG:6H2O   
 
-29.86 -20.53 -86.37 -81.31 -26.74 -26.39 -0.863 0.327 
4GDANA-
MG:7H2O   
 
-26.1 -17.03 -105.6 -102.78 -24.33 -28.82 -0.863 0.323 
 











structures of tamiflu 























































C4 atom  
Tamiflu:MG 
 
-32.7 -24.26 0 0 -32.7 -24.26 -0.138 -0.107 
Tamiflu:MG:1H2O  
 
-29.97 -21.87 -13.39 -12.86 -31.79 -25.00 -0.171 -0.095 
Tamiflu:MG:2H2O  
 
-24.47 -23.76 -27.0 -24.19 -23.08 -24.24 -0.268 -0.113 
Tamiflu:MG:3H2O  
 
-21.71 -24.63 -39.02 -36.86 -16.29 -24.07 -0.133 -0.112 
Tamiflu:MG:4H2O  
 
-18.39 -21.59 -50.42 -47.34 -9.95 -19.43 -0.154 -0.095 
Tamiflu:MG:5H2O  
 
-27.07 -18.47 -54.78 -58.17 -7.56 -14.05 -0.153 -0.095 
Tamiflu:MG:6H2O  
 
-22.04 -12.29 -77.73 -79.59 -8.44 -14.59 -0.143 -0.100 
Tamiflu:MG:7H2O  
 
-20.6 -12.71 -90.49 -90.54 -5.11 -13.65 -0.168 -0.083 
 







TABLE V,  SOLVATION ENERGY,  SOLVATION FREE ENERGY AND GAS PHASE WATER BINDING ENERGIES OF BCX-

























































-30.9 -28.47 0 0 -30.9 -28.47 -0.278 1.570 
BCX-MG:1H2O 
 
-33.49 -25.86 -18.11 -18.52 -37.20 -32.32 -0.297 1.529 
BCX-MG-2H2O 
 
-19.23 -12.5 -40.89 -40.29 -29.75 -27.1 -0.316 1.540 
BCX-MG:3H2O 
 
-23.85 -16.79 -50.09 -53.64 -27.17 -30.68 -0.298 1.562 
BCX-MG:4H2O 
 
-19.77 -13.1 -66.35 -65.21 -25.36 -26.91 -0.301 1.562 
BCX-MG-5H2O 
 
-11.28 -5.57 -87.15 -88.58 -21.06 -28.44 -0.302 1.552 
BCX-MG:6H2O 
 
-12.96 -6.42 -93.46 -95.42 -16.37 -25.83 -0.302 1.551 
BCX-MG-7H2O 
 
-12.36 -5.42 -109.79 -112.77 -15.37 -27.79 -0.307 1.550 
 







TABLE VI  SOLVATION FREE ENERGY,  CLUSTER CONTINUUM SOLVATION FREE ENERGY AND GAS PHASE WATER 











































































-81.19 -65.96 0 0 -81.19  -65.96 -0.781 0.299 1.389 1.321 
DANA
-
 :1H2O  
 





-69.72 -60.14 -32.00 -24.86 -71.04 -58.44 -0.799 0.297 1.382 1.321 
DANA
-
 :3H2O  
 
-68.52 -56.85 -50.06 -44.79 -72.28 -62.36 0.322 -0.828 1.384 1.324 
DANA
-
 :4H2O  
 
-66.23 -56.01 -67.07  -57.25 -72.50 -61.82 -0.808 0.302 1.389 1.324 
DANA
-
 :5H2O  
 
-61.93 -51.98 -81.65 -71.44 -69.12 -60.92 -0.806 0.313 1.39 1.324 
DANA
-
 :6H2O  
 
-55.64 -45.00 -96.27 -93.68 -60.87 -61.08 -0.828 0.299 1.383 1.321 
DANA
-
 :7H2O  
 
-49.55 -40.02 -119.19 -115.02 -58.59 -61.23 -0.837 0.310 1.382 1.323 






TABLE VII  SOLVATION FREE ENERGY, CLUSTER CONTINUUM SOLVATION FREE ENERGY AND GAS PHASE WATER 




































































-84.23 -70.16 0 0 -84.23 -70.16 -0.801 0.331 1.320 1.386 
N-DANA
-
 :1H2O  
 





-74.39 -60.91 -27.9 -28.28 -75.18 -66.76 -0.784 0.310 1.321 1.385 
N-DANA
-
 3H2O  
 
-69.25 -57.91 -48.96 -48.93 -74.75 -69.68 -0.829 0.308 1.322 1.385 
N-DANA
-
 :4H2O  
 
-69.4 -53.88 -64.38 -65.64 -74.37 -69.47 -0.839 0.319 1.322 1.384 
N-DANA
-
 :5H2O  
 
-65.59 -52.26 -80.64 -83.04 -70.01 -70.78 -0.838 0.316 1.321 1.384 
N-DANA
-
 :6H2O  
 
-60.96 -48.41  -94.31 -97.31 -63.28 -67.77 -0.827 0.309 1.321 1.386 
N-DANA
-
 :7H2O  
 
-51.97 -40.53 -111.88 -117.77 -55.06 -65.89 -0.834 0.307 1.320 1.387 





TABLE VIII, CLUSTER CONTINUUM SOLVATION FREE ENERGY, SOLVATION FREE ENERGY AND GAS PHASE WATER 















































































-82.72 -69.96 0 0 -82.72 -69.96 -0.801 0.331 1.32 1.386 
4GDANA
-
:1H2O   
 
-76.42 -64.38 -17.51 -16.99 -78.67 -68.45 -0.803 0.316 1.321 1.392 
4GDANA
-
:2H2O   
 
-68.69 -57.77 -38.16 -37.3 -74.95 -67.85 -0.801 0.314 1.321 1.392 
4GDANA
-
:3H2O   
 
-61.54 -51.08 -56.49 -56.78 -70.46 -67.31 -0.843 0.311 1.319 1.394 
4GDANA
-
:4H2O   
 
-57.92 -47.76 -69.73 -70.83 -64.5 -64.8 -0.838 0.311 1.32 1.394 
4GDANA
-
:5H2O   
 
-55.59 -45.64 -84.44 -83.88 -63.74 -64.93 -0.851 0.317 1.319 1.392 
4GDANA
-
:6H2O   
 
-56.02 -45.19 -95.32 -95.54 -60.92 -64.35 -0.851 0.316 1.319 1.393 
4GDANA
-
:7H2O   
 
-53.53 -42.98 -110.82 -112.32 -67.69 -75.02 -0.850 0.313 1.319 1.394 
MG: Methyl Guandino 
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-80.45 -69.2 0.00 0.00 -80.45 -69.2 -0.110 -0.196 1.327 
Tamiflu 
anion-1H2O 
-75.24 -63.94 -16.15 -15.7 -81.05 -71.64 -0.098 -0.224 1.327 
Tamiflu 
anion-2H2O 
-71.65 -60.83 -23.68 -23.18 -73.82 -63.24 -0.102 -0.223 1.326 
Tamiflu 
anion-3H2O 
-70.77 -59.49 -57.37 -50.17 -84.62 -73.7 -0.101 -0.218 1.327 
Tamiflu 
anion-4H2O 
-60.84 -50.86 -62.49 -61.84 -65.55 -64.28 -0.107 -0.207 1.327 
Tamiflu 
anion-5H2O 
-57.64 -47.78 -80.21 -76.83 -64.32 -62.38 -0.109 -206 1.327 
Tamiflu 
anion-6H2O 
-61.2 -50.54 -99.55 -91.41 -68.05 -63.29 -0.119 -0.180 1.325 
Tamiflu 
anion-7H2O 
-48.09 -38.61 -113.93 -114.96 -54.99 -62.92 -0.086 -0.181 1.327 
 
MG: Methyl Guandino; ΔGsol – Continuum solvation free energy; ΔGsol (CC) – Cluster continuum solvation free energy  
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TABLE X,  CONTINUUM SOLVATION ENERGY,  CLUSTER CONTINUUM SOLVATION FREE ENERGY AND GAS PHASE 























































BCX ANION  
 
-70.19 -59.52 0 0 -70.19 -59.52 -0.307 1.534 
BCX ANION:1H2O 
 
-65.6 -56.27 -21.82 -22.37 -72.23 -65.79 -0.308 1.554 
BCX ANION:2H2O 
 
-54.85 -46.12 -39.77 -41.76 -63.62 -61.56 -0.310 1.55 
BCX ANION:3H2O 
 
-54.54 -45.67 -58.25 -59.79 -64.88 -64.57 -0.308 1.554 
BCX ANION:4H2O 
 
-42.25 -34.57 -79.59 -82.19 -57.49 -61.77 -0.312 1.546 
BCX ANION:5H2O 
 
-41.04 -33.55 -98.05 -99.97 -59.53 -65.66 -0.307 1.556 
BCX ANION:6H2O 
 
-36.67 -29.26 -111.65 -114.59 54.16 -63.73 -0.308 1.554 
BCX ANION:7H2O 
 
-34.96 -28.1 -127.79 -129.63 -53.17 -64.53 -0.308 1.553 
 




5.8 CONCLUSION  
The cluster continuum solvation analysis of sialidase inhibitors such as DANA, 4-amino-
DANA, 4-guandino-DANA and tamiflu  reveals that the solvation free energy of substrate 
complexes and anionic substrates increases as a function of water molecules.  Therefore the 
solvation analysis invalidates the specific binding of explicit water molecules in the 
functional site of substrate complex and anionic substrates and it discloses that the added 
explicit water molecule favors the bulk interaction.  The presence of polarization linkage in 
the pyranose cyclohexane derivative causes the absence of specific binding of explicit water 
molecules in its functional sites.  The explicit hydration alters the structural parameters and 
causes structural distortion of the ring.  The cluster continuum solvation analysis of tamiflu 
anion validates the specific binding of explicit water molecule in the functional site of tri-
hydrated structure and it signifies that the carbonyl oxygen, ether oxygen and amino group 
were the best water binding sites.   An absence of polarization in tamiflu causes specific 
binding of explicit water in the functional site of tamiflu anion.  The cluster continuum 
solvation investigation of BCX complex confirms the presence of explicit water molecule in 
the mono-hydrated structure and hence C17 hydroxyl group is considered as the best water 
binding sites.  The  cluster continuum solvation analysis of BCX anion discloses that the 
solvation free energy decreases as a function of water molecules and thus accommodates the 
specific binding of explicit water molecules in the functional site of BCX anion for upto       
tri-hydrated structure and further addition causes no effect on the solvation free energy and it 
attains a limiting value due to the hydrogen bonding cooperative effects. BCX is a 
cyclopentane derivative, thus it has the limited binding sites and hence specific binding 
occurs upto tri-hydrated structure and further addition of water molecules causes water-water 
molecule interaction and causes hydrogen bonding cooperative effects.  The gas phase 
hydration analysis reveals that the hydration energy of substrate-complex and anionic 
substrate decreases as a function of water molecules and hence, it validates the specific 
binding of explicit water molecule in the functional site of respective hydrated structures.  
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CHAPTER  6 
 
EFFECT OF EXPLICIT WATER MOLECULES ON THE BINDING AFFINITY OF 
THE SUBSTRATE 
 
6.1 INTRODUCTION  
 
The specific binding of explicit water molecule in a functional site of sialidase substrate is 
discussed extensively in the previous section.  This section deals the effect of explicit water 
molecules on the binding affinity of the substrate. The water molecules present in the 
substrate binding sites provides key information in the design and development of antiviral 
drugs
121
. Water in protein ligand interaction can function as an extension of protein structure 
and which allows ligands of various size to accommodate in a specified binding site.  
Generally, the inclusion of water molecule into a binding site is considered as energetically 
unfavorable
122
.  The presence of a water molecule in the binding site perhaps will improve the 
binding affinity of the  substrate and in such a case, the strategy of employing explicit 
molecule will assist in the design of antiviral inhibitors.    
6.2 METHOD OF CALCULATION  
The sialidase substrate complexes, anionic substrates, cationic substrate, zwitterion and the 
ligand, methyl guandino were optimized separately to the minimum energy structure.  All the 
substrates were optimized using the RHF/6-31G level of theory and performed single point 
energy calculation using the RB3LYP/6-31G(d) level of theory.  The method of calculation is 
elaborated in chapter-4 and the same procedure is applicable for this section as well.  The 
binding energy of substrate can be calculated by using the following relation,  
ΔE(Bind) = Eg(Substrate-Ligand Complex) n – (E(substrate) n+ E(Ligand)g ),  n=(1-7)       1 
                ΔEgp = [Ex-nH2O – Ex – EH2O ] n=(1-7)                                            2 
In the above relation x is the respective substrate selected for this study.   
6.3 RESULTS AND DISCUSSION  
6.3.1 SIALYATE COMPLEX   
 
The sialyate complex is considered for the binding affinity analysis as a function of explicit 
water molecules.  In the absence of explicit hydration, sialyate complex provides a binding 
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energy of 105.20 kcal/mol.  The mono-hydrated structure of sialyate complex provides a 
binding energy of 101.71 kcal/mol and it is clear that the explicit hydrated water molecule 
decreases the binding affinity of the substrate.  The added water molecule forms a hydrogen 
bond 1.934Å with the carboxylate oxygen atom and it eventually penalizes the binding 
affinity of sialyate complex.  The di-hydrated structure of sialyate complex provides a binding 
energy of 89.27 kcal/mol, with no increase in binding affinity of the substrate.  Meanwhile, 
the added second water molecule forms an acceptor hydrogen bond 1.854Å with the 
carboxylic oxygen.  The multiple hydrogen bond formation in the carboxylate oxygen of 
sialyate complex decreases the binding affinity of the sialyate complex from 105.2 kcal/mol 
to 89.27 kcal/mol.  
 
Figure 1,  Binding energy of sialyate-ion as a function of water molecules 
The tri-hydrated structure of sialyate complex provides a binding energy of  94.11 kcal/mol 
and it is higher than the di-hydrated structure of the sialyate complex. It appears that the      
tri-hydrated structure improves the binding affinity in relative to the explicit di-hydrated 
structure.  The binding and orientation of water molecules in the tri-hydrated structure favors 
the binding affinity.  The explicit tetra-hydrated and explicit penta-hydrated structure 
provides a ligand binding energy of 91.97 kcal/mol and 91.29 kcal/mol.  It is apparent from 
Table I that the addition of water molecules to the sialyate ion progressively decreases the 
Ligand Binding Energy of Sialyate-guandino complex as a 
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binding affinity. The plot in Figure 1 clearly authenticates the decrease in binding affinity of 
sialyate complex as a function of water molecules.   The strong hydrogen bond formed by the 
explicit water molecules in the functional site of sialyate ion penalizes the binding affinity of 
the substrate.   The hexa-hydrated structure provides a ligand binding energy of 90.77 
kcal/mol with neither increase nor decrease in the binding affinity of the sialyate complex.  It 
appears that the binding energy of sialyate complex attains a limiting value with no variation 
in the binding energydue to the hydrogen bonding cooperative effects.  The hepta-hydrated 
structure provides a ligand binding energy of  96.11 kcal/mol and it is identical with the tri-
hydrated structure with no increase in binding affinity.  The binding analysis of sialyate 
complex indicates that the added water molecules decreases the binding affinity of complex 
due to the strong hydrogen bonding of explicit water molecule in the functional site of the 
sialyate complex and hence, explicit hydration is detrimental to binding affinity of the 
substrate.   
6.4 BINDING AFFINITY OF THE DANA SUBSTRATE 
DANA is a sialic acid analogue and it is subjected to binding affinity analysis as a function of 
explicit water molecules.  DANA in the absence of explicit hydration provides a binding 
energy of 105.61 kcal/mol and it is higher than the  sialic acid.  The mono-hydrated structure 
of DANA provides a ligand binding energy of 103.3 kcal/mol. It appears that the explicit 
hydration decreases the binding affinity of DANA and thus attains a lower binding energy 
than the parent DANA.  The explicit di-hydrated structure of DANA provides a binding 
energy of 93.37 kcal/mol.  It seems that the explicit hydration proportionally decreases the 
binding energy with increasing water molecules due to the formation of strong hydrogen bond 
in the functional site of DANA. The explicit tri-hydrated structure of DANA provides a 
binding energy of  90.78 kcal/mol and it is lower than the explicit di-hydrated structure of 
DANA complex.  This suggests that the explicit hydration decreases the binding affinity of 
the DANA substrate.  It is apparent that in all the three mono-hydrated, di-hydrated and tri-
hydrted structure; DANA acts as a donor and the water molecule acts as acceptor and this 
binding pattern decreases the binding energy progressively.  The explicit tetra-hydrated 
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structure of DANA provides a ligand binding energy of  96.92 kcal/mol with a decrease in the 
binding affinity.  The multiple hydrogen bond formation of water molecule and cooperative 
effects strongly penalizes the binding affinity of the substrate.    
 
Figure 2, Ligand binding energy of DANA as a function of water molecule 
The plot in Figure 2, clearly indicates that the binding affinity of DANA complex 
progressively decreases as a function of water molecules.  The explicit penta-hydrated 
structure of DANA provides a binding energy of 88.99 kcal/mol.  It appears that the hydration 
increases the interaction between the added water molecule and the substrate and as a result it 
decreases the binding affinity of the substrate.  The explicit hexa-hydrated structure provides 
a binding energy of 93.99 kcal/mol and it remains identical with the di-hydrated structure.  
This suggests that the binding energy of DANA attains a limiting value due to the hydrogen 
bonding cooperative effects.  The explicit hepta-hydrated structure provides a binding energy 
of 90.2 kcal/mol with no  increase in the binding affinity of the substrate.  It is clear from the  
plot in Figure 2 and Table II that the binding energy of DANA  progressively decreases as a 
function of water molecules and reaches limiting value at around 90 kcal/mol.  Hydrogen 
bonding cooperative effects caused by the explicit water molecules penalizes the ligand 
binding energy.  Hence, the investigation clearly authorizes that the explicit hydration is 
Ligand Binding Energy of DANA towards protonated methyl 
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purely detrimental to the ligand binding and it rapidly decreases the binding affinity of the 
substrate. 
6.5 BINDING AFFINITY OF 4-AMINO-DANA 
The 4-amino-DANA in the absence of explicit hydration provides a ligand binding energy of 
107.96 kcal/mol and it is higher than the DANA complex.  The amino group of N-DANA 
forms an intramolecular hydrogen bond 2.28Å with the carbonyl oxygen to improve the 
binding affinity.   A mono-hydrated structure of N-DANA on interaction with protonated 
methyl guandino provides a binding energy 82.01 kcal/mol and this implies that the added 
water molecule steeply decreases the binding affinity of N-DANA due to the formation of 
strong hydrogen bond with the functional site.  The explicit di-hydrated structure of N-DANA 
provides a binding energy of 103.44 kcal/mol and it is higher than the mono-hydrated 
structure of N-DANA.  This suggests that the position and orientation of water molecules in 
the di-hydrated structure is favorable for the electrostatic interaction and thus it attains a 
higher binding energy than the mono-hydrated structure.  The explicit tri-hydrated structure of 
N-DANA provides a binding energy of 97.21 kcal/mol and it is lower than the di-hydrated 
structure.  
This clearly suggests that the hydrogen bond formed by the explicit water molecules penalizes 
the binding energy of the substrate.  The explicit tetra-hydrated structure of N-DANA  
provides a binding energy of  99.51 kcal/mol with a decrease in the binding affinity. A strong 
hydrogen bond formed by the fourth water molecule with the amino group decreases the 
binding energy.  It is apparent from a plot in Figure 3 and Table III, that the tetra-hydrated 
structure occupies a lowest position in ligand binding energy.  The explicit penta-hydrated 
structure of N-DANA provides a ligand binding energy of  95.56 kcal/mol and it is identical 
with tri-hydrated structure.  The explicit penta-hydrated structure is a perfect hydration shell 
and forms a strong hydrogen bonding pattern of OH…NH and NH…OH at 2.006Å and 
1.985Å.  This strong hydrogen bond penalizes the binding energy of the sialidase substrate. 
The plot in Figure-3 clearly shows the low binding affinity of the penta–hydrated structure 
and this indicates that the binding affinity progressively decreases as a function of the number 
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of explicit water molecules. The explicit hexa-hydrated structure of N-DANA provides a 
binding energy of 99.83 kcal/mol and it is identical with the tetra-hydrated structure.  It 
appears that the binding energy attains a limiting value after the tetra-hydrated structure due 
to water-water molecule interaction.   
 
Figure 3, Ligand binding energy of N-DANA as a function of explicit water molecules 
The plot in figure-5, clearly shows that the tetra-hydrated structure and hexa-hydrated 
structure shares the same platform in attaining the binding energy and it predicts that the 
binding energy of N-DANA attains a limiting value.  The explicit hepta-hydrated structure of 
N-DANA provides a binding energy of  97.77 kcal/mol and this suggest  that it remains in 
same platform with the hexa-hydrated structure.  It further discloses that the addition of 
seventh water molecule has no significant effect on the binding energy of the substrate and it 
implies that the binding energy attains a limiting value due to the non-availability of 
functional sites for the explicit water molecules.  In a nutshell the binding affinity analysis of 
N-DANA indicates that the binding energy of substrate progressively decreases as a function 
of water molecules due to the hydrogen bonding cooperative effects and thus undermines the 
binding affinity of the substrate.   
6.6 BINDING AFFINITY OF 4-GUANDINO-DANA 
The 4-guandino-DANA on interaction with protonated methyl guandino provides a ligand 
binding energy of 105.42 kcal/mol and it identical with the DANA complex. The mono-
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hydrated structure of 4-guandino-DANA  provides a binding energy of 105.98 kcal/mol and it 
discloses that it has no effect on the binding affinity of the substrate due to a weak interaction 
of explicit water molecule with the substrate. The explicit dihydrated structure of 4-guandino-
DANA on interaction with protonated methyl guandino provides a binding energy of 105.33 
kcal/mol and it remains identical with the parent guandino-DANA.  It appears that both the 
explicit mono-hydrated and the di-hydrated structure has the same binding affinity due to the 
presence of bulky guandino group at the C4 position and it retards the strong hydrogen bond 
formed by the explicit water molecules with the substrate.  It is noted that the presence of 
guandino at the C4 position provides strong delocalization between C2 and C4 position and 
thus it undermines the binding of explicit water molecules in the functional site of guandino 
substrate and as a result the explicit water molecules has not effect on the binding affinity of 
the substrate.   The tri-hydrated structure of  4-guandino-DANA provides a binding energy of 
102.4 kcal/mol.  It appears that the added third water molecule decreases the binding affinity 
and disperses the limiting value of the binding affinity.  The addition of fourth water molecule 
to the trihydrated structure further decreases the binding energy.  The explicit tetra-hydrated 
structure of 4-guandino-DANA provides a binding energy of 101.52 kcal/mol.  The addition 
of explicit water molecules cause structural distortion of the ring and consequently it 
decreases the binding affinity of the substrate and hence increasing addition of water 
molecule results in the low binding affinity of the substrate.    
The explicit penta-hydrated structure of 4-guandino-DANA on interaction with protonated 
methyl guandino provides a binding energy of 100.41 kcal/mol and it is identical with the 
tetra-hydrated structure. Hence, it remarks that the added water molecule has no significant 
effect on the binding affinity and it attains a limiting value.  The plot in Figure 4 clearly 
indicates that the binding affinity of 4-guandino-DANA decreases as a function of water 
molecules.  The hexa-hydrated structure of 4-guandino-DANA provides a binding energy of 
96.46 kcal/mol and this suggests that the added sixth water molecule decreases the binding 
affinity. It can be further inferred from a plot in Figure 4 that the increase in addition of  water 
molecule increases hydrogen bonding cooperativity effects and thus penalizes the ligand 
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binding energy of the substrate.  The structural distortion and multiple hydrogen bonding 
effects caused by the explicit water molecules drastically decreases the binding affinity of 
hexa-hydrated structure.  The explicit hepta-hydrated structure of 4-guandino-DANA 
provides a binding energy of 100.2 kcal/mol and it is identical with the penta-hydrated 
structure. 
 
Figure 4, binding energy of guandino-DANA as a function of water molecule 
The water-water molecule interaction and hydrogen bonding cooperative effects limits the 
binding energy of hepta hydrated structure.  In summary, the analysis of binding affinity 
reveals that the binding energy of 4-guandino-DANA decreases as a function of water 
molecules and attains a limiting value due to the hydrogen bonding cooperative effects.   
Hence, the analysis authorizes that the explicit hydration is detrimental to binding affinity of 
the 4-guandino-DANA.   
6.7 INVESTIGATION OF BINDING AFFINITY OF TAMIFLU   
 
The tamiflu is a carbocyclic derivative with no polarization in the structure and hence, 
binding affinity analysis could produce significant results.  The tamiflu in the absence of 
explicit hydration provides a binding energy of 118.33 kcal/mol.  The binding energy of 
tamiflu is higher than the natural ligand (sialic acid) and its analogue DANA derivatives.  The 
LIGAND BINDING ENERGY OF 4-GUANDINO-DANA AS A 
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higher binding energy of tamiflu scores it as a potent antiviral inhibitor of sialidase.  The 
water molecules were added in different binding sites of tamiflu to validate its effect on the 
binding affinity.   The mono-hydrated structure of tamiflu provides a ligand binding energy of 
115.58 kcal/mol.  It appears that the explicit hydration decreases the binding affinity of 
tamiflu  from 118.33 kcal/mol to 115.58 kcal/mol.  The second water molecule is added in the 
vicinity of carbonyl oxygen and the added water molecule forms an acceptor hydrogen bond 
1.843Å with the carbonyl oxygen.  The resulting di-hydrated structure provides a binding 
energy of 108.64 kcal/mol.  It is clear that the addition of second water molecule further 
decreases the binding affinity of tamiflu.  The addition of explicit water molecules forms 
strong hydrogen bond in the functional site of tamiflu and it eventually penalizes the binding 
energy of tamiflu.  The explicit tri-hydrated structure of tamiflu provides a ligand binding 
energy of 106.24 kcal/mol and it is lower than the di-hydrated structure.  The tetra-hydrated 
structure of tamiflu on interaction with protonated methyl guandino provides a binding energy 
of 98.78 kcal/mol and it discloses that added water molecule decreases the binding affinity.  
The plot in Figure 3 shows that the binding affinity of tamiflu is progressively decreases as a 
function of water molecules and hence, it predicts that the explicit hydration is detrimental to 
the binding affinity.   
The explicit penta-hydrated structure provides a binding energy of  98.98 kcal/mol.  It is 
apparent that the addition of fifth water molecule has no effect on the binding affinity of 
tamiflu and it remains identical with the tetra-hydrated structure and this suggests that the 
binding energy attains limiting value due to the limited functional site of tamiflu.  Hence, the 
fifth water molecule involves in water-water molecule interaction and decreases the binding 
affinity of penta-hydrated structure.  The hexa-hydrated structure of tamiflu provides a 
binding energy of  97.62 kcal/mol and it indicates that the added sixth water molecule has no 
effect on the binding energy and it remains identical with the penta-hydrated structure.  The 
major functional site of tamiflu is fully occupied in the tetra-hydrated structure and hence, 
further addition of water molecules causes no effect on the binding affinity of the tamiflu and 
thus it attains a limiting value.  The plot in figure 5, clearly indicates that the binding affinity 
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of tamiflu gradually decreases as a function of water molecules and attains limiting value 
from the penta-hydrated structure.     
 
Figure 5, Ligand binding energy of tamiflu as a function of water molecules  
The hepta-hydrated structure of tamiflu provides a ligand binding energy of  94.9 kcal/mol.  It 
appears that the added seventh water molecule has no significant effect on the binding affinity 
of the substrate and it authenticates the limiting value attained by the binding energy.  The 
binding affinity analysis of tamiflu validates that the binding energy progressively decreases 
as a function of water molecule and it finalizes that the explicit hydration is detrimental to the 
binding affinity of tamiflu.   
6.8 BINDING AFFINITY ANALYSIS OF BCX  
BCX is a cyclopentane derivative with limited functional sites and hence it can accommodate 
only a small number of explicit water molecules in its functional site.  BCX in the absence of 
an explicit hydration provides a ligand binding energy of 108.76 kcal/mol.  The guandino 
group in BCX forms an intramolecular hydrogen bond 1.855Å with the carbonyl oxygen to 
enhance the binding affinity.  The mono-hydrated structure of BCX on interaction with 
protonated methyl guandino provides a binding energy of 105.69 kcal/mol.  It is clear that 
mono-hydrated structure of BCX undermines the intramolecular hydrogen bond formation 
between carbonyl oxygen and guandino group from 1.794Å to 2.106Å and hence, decreases 
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the binding affinity.  The dihydrated structure of BCX provides a binding energy of 109.88 
kcal/mol and it is higher than the mono-hydrated structure and parent BCX.  
 
Figure 6, Binding energy of BCX as a function of water molecule 
It appears that the added second water molecule increases the binding affinity of the BCX and 
hence, the water molecule present near the guandino group favors the binding affinity.  The 
plot in Figure 6, shows that the binding energy of di-hydrated structure is higher than the 
parent BCX.  The tri-hydrated structure of BCX on interaction with protonated methyl 
guandino provides a ligand binding energy of 103.6 kcal/mol.  It is clear that tri-hydrated 
structure decreases the binding affinity of the BCX.  The tetra-hydrated structure provides a 
ligand binding energy of 95.52 kcal/mol.  It reveals that increase in hydration shell of BCX 
structure decreases the binding energy.  The plot in Figure 6 attests the descending profile of 
binding energy as a function of water molecule.  The explicit penta-hydrated structure 
provides a ligand binding energy of 97.85 kcal/mol.  It seems that the added fifth water 
molecule decreases the binding affinity of BCX.  The cooperative effects produced by the 
penta-hydrated structure decreases the binding affinity of BCX.  The explicit hexa-hydrated 
structure of BCX provides a binding energy of 90.57 kcal/mol.  It seems that the added sixth 
water molecule further decreases the binding affinity and this signifies that added water 
molecules have poor impact on the ligand binding energy.  The structural distortion and 
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cooperative effect caused by the large hydrated structure decreases the binding affinity of the 
substrate.  The hepta-hydrated structure of BCX provides a ligand binding energy 90.17 
kcal/mol and it is identical with the hexa-hydrated structure.  Hence, the addition of seventh 
water molecule has no effect on the binding affinity of BCX and it attains a limiting value in 
the binding energy.  The binding affinity analysis of BCX reveals that the cooperative effect 
and structural distortion caused by the explicit water molecules decreases the binding affinity. 
Hence, the analysis indicates that the explicit hydration is detrimental to the binding affinity 
of the BCX.    
6.8.1 BINDING AFFINITY OF THE SIALOSYL CATIONIC SUBSTRATE 
Several recent contributions have assessed the properties of neutral and charged hydrated 
compounds to understand the solvation process and related properties and it allows opening 
insights into fields of drug design
123
.  This section will address the binding analysis of 
cationic complex and it will provide key information about the binding site of cationic 
intermediate.  The sialosyl cationic complex in the absence of explicit hydration provides a 
binding energy of 30.79 kcal/mol and it is lower than the neutral complex.  The explicit 
mono-hydrated structure of cationic complex provides a binding energy of 45.47 kcal/mol and 
it is higher than the parent cationic complex.  It is clear that the explicit hydration increases 
the binding affinity of cationic complex.  The dihydrated cationic complex provides a ligand 
binding energy of  45.79 kcal/mol and it indicates that the added second water molecule has 
no effect on binding affinity of cationic complex and it remains identical with the mono-
hydrated structure.  The added second water molecule forms acceptor hydrogen with 
carboxylic group and thereby it penalizes the binding energy of sialosyl cationic complex and 
hence, di-hydrated structure is unable to enhance the binding energy.  The tri-hydrated 
structure of cationic complex provides a binding energy of 49.38 kcal/mol and it is higher 
than the mono-hydrated structure.  It appears that the added third water molecule to the 
cationic complex increases the binding affinity.  The hydrogen bonds formed by the explicit 
water molecule in a functional site of cationic complex increases the binding affinity due to 
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the electron deficient nature of the complex.  The explicit tetra-hydrated structure of cationic 
complex provides a ligand binding energy of  46.89 kcal/mol.   
 
Figure 7, Ligand binding energy of sialosyl cation as a function of water molecule 
The tetra-hydrated structure decreases the C2=O16 bond distance from 1.265Å to 1.257Å and 
thus causes structural distortion of the ring.  Hence, it decreases the binding affinity of the 
cationic complex and it remains identical with di-hydrated structure. The explicit penta- 
hydrated structure of sialosyl cationic complex provides a binding energy of 52.07 kcal/mol 
and it insights that hydration pattern of penta-hydrated structure is effective. The added water 
molecule increases the electrostatic interaction between the substrate and receptor by 
inductive π effects and consequently increases the binding affinity of the cationic complex.  
The hydration pattern of explicit penta-hydrated structure reveals that the C4 hydroxyl group, 
C7 hydroxyl group, carbonyl oxygen, C8 and C9 hydroxyl group were the best hydration sites 
and contributes to the higher binding affinity of the cationic complex. The plot in Figure 7, 
indicates that the binding affinity of cationic complex increases as a function of water 
molecules and hence, explicit hydration is favorable to the binding affinity.   The explicit 
hexa-hydrated structure of cationic complex provides a ligand binding energy of 41.04 
kcal/mol.  It seems that the added sixth water molecule decreases the binding affinity due to 
the water-water molecule interaction and hydrogen bond cooperative effects.  The plot in 
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Figure 6 shows the low binding affinity of hexa-hydrated structure.  The explicit hepta 
hydrated structure of cationic complex provides a ligand binding energy of  47.00 kcal/mol 
and it is identical with a penta-hydrated structure. Indeed the addition of seventh water 
molecule has no effect on the binding affinity and it floats around 45-47 kcal/mol and it is due 
to the hydrogen cooperative effect and water-water molecule interactions.  Hence, binding 
affinity analysis of cationic complex proclaims that the tri-hydrated and penta-hydrated 
structures were the most stable structure and enhances the binding affinity of the cationic 
complex.  Furthermore a plot in Figure 6 clearly validates the stability of penta and tri-
hydrated structure of cationic complex.  The explicit mono-hydrated, di-hydrated and hepta- 
hydrated structure floats around the constant ligand binding energy value of 46-47  kcal/mol 
and these hydrated structures have moderately influences on the binding affinity of the 
cationic complex.  Therefore, explicit mono-hydrated and tri-hydrated structure of cationic 










































































































































































MG – Methyl Guandino 
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BINDING ENERGY OF N-DANA AS A FUNCTION OF WATER MOLECULES 
 
4-amino-DANA  and 
its explicit  hydrated 
structures   
















































































































































structures   




























































































































TABLE  V 
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6.9 CONCLUSION  
The binding affinity analysis of sialyate complex reveals that the binding energy of the 
complex decreases as a function of water molecules and hence, it declares that the explicit 
hydration has an adverse effect on the binding affinity of the complex.  The binding affinity 
investigation of the sialidase inhibitors such as DANA, 4-amino-DANA, 4-guandino-DANA 
and tamiflu shows that the binding energy of substrate decreases as a function of water 
molecules.  The added explicit water molecule causes structural distortion and hydrogen bond 
cooperative effects and these two factors mitigates the binding affinity of the sialidase 
substrate.  Besides, the added explicit water molecule forms a strong hydrogen bond in the 
functional site of a substrate and it consequently penalizes the binding energy of the substrate.  
The binding affinity analysis of cyclopentane BCX derivative shows that the binding affinity 
of BCX decreases as a function of water molecules and hence, explicit hydration is not 
favorable to the binding affinity of BCX.  However, the di-hydrated structure of BCX will be 
useful in the development of sialidase antiviral drugs.  Meanwhile, the binding affinity 
analysis of cationic complex reveals that the binding energy increases as a function of water 
molecules and hence, it suggests that the explicit hydration enhances the binding affinity of 
the cationic complex. Especially, the mono-hydrated and the tri-hydrated structure of cationic 
complex provide a higher binding affinity and hence, these two hydrated structures provide a 




















EFFECT OF SUBSTITUENTS ON THE BINDING AFFINITYOF THE SIALIDASE 
SUBSTRATES 
 
7.1 INTRODUCTION  
The interactions between the functional groups and the residues within the binding pocket of 
enzyme substrate were obtained through the GRID software
124
.  It predicts that apart from 
electrostatic interaction of functional groups; the non-bonding interaction of substrate also 
contributes to the ligand binding
125
.  The 4-substituted DANA is predicted to have higher 
binding affinity than its parent DANA and it is predicted using the GRID software.
  
In kinetics 
theory, the compounds that closely resemble the reaction intermediate should have a higher 
binding affinity towards the enzyme substrate
126
.  As DANA mimics the structure of cationic 
intermediate; its modeling and effect of substituent study will provide a DANA derivative 
with better binding affinity.  Hence, various substituents were introduced at the C4 position of 
DANA to validate its binding affinity. The evaluation of substituent effect is also carried out 
in solvent phase.   The substituent which has a higher binding energy will find major 
applications in the development of sialidase inhibitors
127
. 
7.2 EFFECT OF C4 SUBSTITUENTS ON THE BINDING AFFINITY OF DANA 
The parent DANA with its C4 hydroxyl group provides a binding energy of 105.2 kcal/mol.  
Various substituents were introduced at the C4 position of DANA to evaluate its binding 
affinity.  A fluorine the C4 position of DANA provides a binding energy of 107.92 kcal/mol.  
The substitution of fluorine lengthens the C2=C3 bond and eases the electron delocalization 
between C4  and C2 atom to enhance its binding affinity.  The 4-fluoro derivative of DANA 
fails to form an intramolecular hydrogen bond between carbonyl oxygen and C4 hydroxyl 
group and as a result it provides a moderate binding affinity.   Electron donating methyl group 
is introduced at the C4 position of DANA to investigate its effect on binding affinity.  The 4-
methyl- DANA on interaction with protonated methyl guandino provides a binding energy of 
109.46 kcal/mol and it its structure is shown in figure 2. It reveals that the binding affinity of 
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methyl-DANA is higher than the fluorine substituent and parent DANA. It increases the 
charge density on C2 from 0.310 to 0.314 due to its innate electron donating nature.    
                
     Figure 1,  4-fluoro-DANA:MG                                   Figure 2, 4-Methyl-DANA:MG 
Methylation of C4 position of DANA increases the bond distance of C2=C3 and thus 
increases the electron delocalization between C2 and C4 by hyper conjugative inductive 
effect. The effective electron delocalization between C2 and C4 atom causes a higher binding 
affinity of 4-methyl-DANA. Hence 4-methyl-DANA will find a greater application in the 
design of sialidase antiviral inhibitor.  A thiol group is introduced at the C4 position to 
evaluate its binding affinity.  4-thiol-DANA on interaction with the protonated methyl 
guandino provides a binding energy of 105.61 kcal/mol and it is identical with the parent 
DANA.  Hence, the presence of thiol at the C4 position has no effect on the binding affinity.      
              
         Figure 3, 4-thiol-DANA:MG                              Figure 4, 4-Chloro-DANA:MG  
Moreover, the 4-thiol-DANA fails to form an intramolecular hydrogen bond between 
carbonyl oxygen and C4 hydroxyl group and this eventually undermines the binding affinity 
of the substrate.   The 4-chloro-DANA on interaction with protonated methyl guandino 
provides a binding energy of 106.30 kcal/mol and it reveals that the introduction of chlorine 
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at the C4 position fails to improve the binding affinity.  Introduction of chlorine at the C4 
position shortens the C2–O16 bond distance from 1.382Å to 1.373Å and this imposes 
geometrical strain on the ring.  The ring strain hinders the charge transfer between the C4 and 
C2 atom and thus decreases the binding affinity and provides a low ligand binding energy.  In 
addition, chlorine at the C4 position did not form intramolecular hydrogen bond with 
carbonyl oxygen and this further mitigates the binding affinity of 4-chloro-DANA.   
     
          Figure 5, 4-methoxy-DANA                                Figure 6, 4-CF3-DANA:MG 
A methoxy group is introduced at the C4 position of DANA to evaluate its binding affinity.  
The C4-methoxy-DANA on interaction with protonated methyl guandino provides a binding 
energy of 110.09 kcal/mol and it is higher than all the C4 substituents studied.  The 
introduction of methoxy group shortens the C2–O16 bond from 1.382Å to 1.364Å by 
depolarizing  the C2 and O16 atom and thus causes higher binding affinity of 4-methoxy-
DANA.  Hence, 4-methoxy-DANA can be considered as a promising candidate for the 
futuristic development of sialidase inhibitors. A tri fluoro carbon is introduced at the C4 
position of DANA to evaluate its binding affinity.  The 4-CF3-DANA provides a binding 
energy of 110.32 kcal/mol.  It appears that the CF3 at the C4 position increases the binding 
affinity of DANA.  The substitution of tri fluoro carbon enormously increases the bond 
distance of C2=C3 from 1.319Å to 1.400Å and thereby it eases the electron delocalization 






7.2.1  EFFECT OF C4 SUBSTITUENT BINDING AFFINITY IN SOLVENT PHASE  
 
The parent DANA in the solvent medium provides a binding energy of 9.99 kcal/mol.  The 
substitution of fluorine at the C4 position of DANA provides a solvated binding energy of 
14.24 kcal/mol.  It appears that in the solvent phase the 4-fluoro DANA acts superior to 
parent DANA.  The 4-chloro-DANA provides a solvated ligand binding energy of 13.15 
kcal/mol and it seems that the chlorine substitution increases the binding affinity of DANA.  
The electronegative halogens provide a higher binding in solvent phase due to the formation 
of hydrogen bond with the solvent.   The amino substitution at the C4 position of DANA 
provides a higher binding energy in both solvent phase and gas phase.  It provides a solvated 
binding energy of 18.03 kcal/mol. So, undoubtedly amino derivative of DANA is a promising 
candidate for further development of antiviral sialidase inhibitors.   
The methyl group at the C4 position of DANA provides a solvated binding energy of 13.76 
kcal/mol.  It reveals that the solvent influences the methyl group substitution at the C4 
position rather than the gas phase.  The C4-methoxy-DANA provides a solvated binding 
energy of 12.76 kcal/mol.  Although the binding energy of methoxy at the C4 position is 
higher than its parent DANA in gas phase; however, it attains a low value in the solvent phase 
due to the hydrophobic effect.  The solvent phase greatly penalizes the binding energy of 
methoxy group at the C4 position due to the highly polar oxygen present in the group.  The 4-
CF3-DANA on interaction with protonated methyl guandino provides a solvated binding 
energy of 12.68 kcal/mol.  It discloses that both in the gas phase and in the solvent phase, it 
provides the same binding energy and thus it acts a weak substituent.  The thiol group in a 
solvent phase outshines other substituent at C4 position.  It is clear from the Table–I that next 
to amino group; the thiol has a higher ligand binding affinity.  The 4-thiol DANA provides a 
binding energy of 15.37 kcal/mol.  The performance of thiol group in the solvent phase and 
gas phase are contrary in nature in attaining binding energy and hence its binding affinity 
needs to be further investigation in the solvent phase.  4-thiol DANA is a promising candidate 
next to the amino group in achieving the higher binding affinity.  All the substituents show a 
good binding affinity in the solvent phase than the parent DANA. 
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7.3 EFFECT OF C7 SUBSTITUENTS ON THE BINDING AFFINITY OF DANA 
The structural information of sialidase enzyme and its cationic intermediate have provided   
vital information for the rational drug discovery of anti influenza drugs
128
.   Although several 
sialidase inhibitors had been reported in the literature before structure information was 
available, none has been successful in treating the disease
129,130
. Hence, based on the structural 
studies of cationic intermediate; the first sialidase inhibitor DANA is reported. The 
unsubstituted DANA was weak in inhibiting the neuraminidase enzyme and this instigates the 
introduction of susbtitutents at the key functional position of DANA to improve its binding 
affinity.   X-ray crystallographic studies of DANA and its analogues bound to neuraminidase 
indicates that the C7 hydroxyl group of glycerol side chain did not participate in receptor 
interaction and it remains free
131
.  Taking account of this factor, the hydroxyl group at the C7 
position in the glycerol side chain is replaced by the various substituents to improve the 
binding affinity of the DANA.  The substituents with a higher binding affinity will provide 
impetus to the development of sialidase antiviral drugs.  
7.3.1 RESULTS AND DISCUSSION 
The parent DANA on interaction with protonated methyl guandino provides a binding energy 
of 105.61kcal/mol.  An introduction of amino group at the C7 position provides a binding 
energy of 109.65 kcal/mol.  It appears that the amino group at the C7 position has a profound 
effect on binding energy and it increases the binding affinity.  The C4 hydroxyl group forms 
an intramolecular hydrogen bond 1.950Å with carbonyl oxygen and this bond improves the 
binding affinity by the hyper conjugative π effects and it is shown in the Figure 7.  A methoxy 
group is introduced at the C7 position to evaluate its binding affinity.  The C7-methoxy-
DANA provides a binding of energy 109.51 kcal/mol.  It indicates that the methoxy group at 
the C7 position increases the binding affinity and it remains identical with the amino group.  
The C4 hydroxyl group forms an intramolecular hydrogen bond 1.914Å with the carbonyl 
oxygen of the amide group and it is shown in the Figure 8.   This bond significantly improves 
the binding affinity of the substrate.  A fluorine at the C7 position shares same domain with 
methoxy and amino group in attaining the binding affinity.  The 7-fluoro-DANA on 
 158 
interaction with the protonated methyl guandino provides a binding energy of 109.42 
kcal/mol.  The higher electronegativity of fluorine atom at the C7 draws electron by 
electronegative inductive effect towards the C7 atom and thereby it increases the binding 
affinity of the 7-fluoro-DANA.    
            
      Figure 7, 7-amino-DANA:MG                                    Figure 8, 7-methoxy-DANA:MG 
The C4 hydroxyl group forms an electrostatic intramolecular hydrogen bond 1.946Å with the 
carbonyl oxygen and it is shown in Figure 9.  This hydrogen bond increases the binding 
affinity by the electron delocalization between C4 and C2 atoms.  The 7-methyl-DANA 
provides a ligand binding energy of 110.66 kcal/mol. It appears that the methyl group at the 
C7 position improves the binding affinity by the hyperconjugative inductive effects.   
           
Figure 9, C7-fluoro-DANA:MG                              Figure 10, C7-methyl-DANA:MG  
The methyl group at the C7 position depolarizes the C2–O16 bond and thus causes a higher 
binding affinity than the parent DANA compound.  It is evident from Figure 10 that the 
hydroxyl group at the C4 position forms an intramolecular hydrogen bond 1.953Å with the 
carbonyl oxygen and this enhances the binding affinity of 7-methyl-DANA.   It is clear from 
the Table II that the methyl substituent at C7 position provides a higher binding affinity next 
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to the guandino group. Hence, C7–methyl-DANA will be considered for the futuristic 
development of sialidase inhibitor.  The 7-chloro-DANA on interaction with the protonated 
methyl guandino provides a binding energy of 96.31 kcal/mol.  It appears that the 
replacement of hydroxyl group by chlorine decreases the binding affinity.  The introduction 
of chlorine at the C7 position lengthens the C2=C3 bond distance from 1.319Å to 1.49Å and 
this lengthening retards the electron delocalization between C2 and C4 atom. It eventually 
causes low binding affinity of 7–chloro-DANA.  Moreover, the lengthening of C2=C3 causes 
structural distortion of the ring and it mitigates the binding affinity of 7-chloro-DANA.  The 
trifluoro carbon and thiol substituent shares the same platform in attaining the binding energy.  
Both the substituents on interaction with the protonated methyl guandino provide a binding 
energy of 104.69 kcal/mol and 103.40 kcal/mol respectively and its structure is shown in 
Figure 12 & 13.  It appears that the thiol and tri fluoro carbon at the C7 position acts as weak 
substituents and attains a low binding affinity.   
                 
      Figure 11, 7-chloro DANA:MG                               Figure 12, 7-thiol-DANA;MG  
A 7-guandino- DANA on interaction with the protonated methyl guandino provides a binding 
energy of 115.42 kcal/mol.  It is clear that introduction guandino at the C7 position increases 
binding affinity. The 7-guandino-DANA forms an intramolecular hydrogen bond 2.125Å with 
the carbonyl oxygen and it is shown in figure 14.  This hydrogen bond formation enormously 
increases the binding affinity and favors electron delocalization between C7 and C2.   It is 
apparent from the Table II that the guandino substituent occupies a higher binding affinity.  
As discussed in the previous chapters; the intramolecular hydrogen bond formation between 
C7 hydroxyl group and carbonyl oxygen undoubtedly increases the binding affinity of the 
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substrate and this phenomenon is authenticated for the guandino substituent at the C7 
position.  Guandino group has a conjugation and thereby it facilitates the delocalization of 
electrons between the substituent and ring; thereby it attributes for higher binding affinity.   
                
Figure 13,  7-CF3-DANA:Methyl Guandino      Figure 14, 4-guandino-DANA:MG  
Hence, 7-guandino-DANA will find potential applications in the design and development of 
sialidase antiviral drugs.  
7.4 EFFECT OF C7 SUBSTITUENT OF DANA IN SOLVENT PHASE  
 
The DANA on interaction with the protonated methyl guandino provides a solvated binding 
energy of 10.00 kcal/mol.  The introduction of amino group at the C7 position of DANA 
enormously increases the binding energy in solvent phase and it provides a solvated binding 
energy of 18.64 kcal/mol.  Hydrophilic amino group in solvent phase favors the water 
mediated electrostatic interaction with receptor and thus it contributes for the higher binding 
energy.  It is clear from the Table II that the amino substituent occupies higher position in 
solvated binding energy.  Hence, C7 amino derivative of DANA will have potential 
application in the design of sialidase inhibitors.  The 7-methoxy-DANA provides a solvated 
ligand binding energy of 12.80 kcal/mol.  The polar methoxy substituent also facilitates an 
electrostatic interaction with the water molecules and thereby accounts for moderate binding 
affinity.  The fluorine at the C7 position provides a solvated binding energy of 13.0 kcal/mol 
and thus it remains in same platform with methoxy group.  The methyl group at the C7 
position provides a solvated binding energy of 12.87 kcal/mol and this improves binding 
affinity to the smaller extent.  The 7–thiol–DANA provides a solvated binding energy of 
12.71 kcal/mol; it also does not have much influence on binding affinity.  Thiol group also 
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shares same platform with the fluorine and methyl group in attaining solvated binding energy 
due to the hydrophobic nature.  The 7-guandino-DANA provides a solvated binding energy  
of 17.57 kcal/mol.  The Table II clearly shows that the guandino group attains a higher 
binding affinity next to the amino group.  The introduction of guandino group at the C7 
position of DANA greatly influences the binding affinity and hence it could provide great 
impetus in the design and development of sialidase antiviral drugs.   
7.5 EFFECT OF C7 SUBSTITUENTS ON THE BINDING AFFINITY OF N-DANA 
 
DANA with the replacement of C4 hydroxyl group by the amino functionality improves the 
binding affinity drastically
132,133
. It is clearly explained in the previous section that the C7    
position of DANA remains free without involving in any receptor interaction.  Hence, various 
substituents were introduced at the C7 position of 4-amino-DANA to improve its binding 
affinity.  Both electron donating and electron loving substituents were replaced at the C7 of 
N-DANA to validate its binding affinity.  The substituent with a higher binding affinity may 
be used to design new antiviral inhibitor in the pyranose cyclohexane series.   
7.5.1 RESULTS AND DISCUSSION 
The 4-amino-DANA on interaction with protonated methyl guandino provides a binding 
energy of 112.62 kcal/mol.  The amino group at the C4 position favors the effective electron 
delocalization between C4 and C2 atom and thus improves the binding affinity significantly.  
It is noted that the amino group at the C4 psotion forms an intramolecular hydrogen bond 
2.286Å with carbonyl oxygen and this bond causes a higher binding affinity of the N-DANA. 
The 7-amino-N-DANA on interaction with protonated methyl guandino provides a binding 
energy of  110.44 kcal/mol and it is lower than its parent N-DANA.  Hence, the introduction 
of amino group at the C7 position decreases the binding affinity. The amino group at the C7 
position forms an intramolecular hydrogen bond 2.305Å with the carbonyl oxygen and this 
bond has no effect on the binding affinity. In addition C8 hydroxyl group forms an 
intramolecular hydrogen bond 2.247Å with the carboxylate group and this bond penalizes the 
binding affinity of the substrate. The 7-methoxy-N-DANA on interaction with the  protonated 
methyl guandino provides a binding energy of 109.25 kcal/mol.  A methoxy at C7 position 
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cannot delocalize electron between C6 and C2 atom and as a result it decreases the binding 
affinity. The C7 hydroxyl group forms an intramolecular hydrogen bond 2.035 Å with the 
carboxylate oxygen and it is shown in  Figure 16. 
           
  Figure 15, 4,7-diamino-DANA                                        Figure 16, 7-methoxy-N-DANA 
This hydrogen bond penalizes the binding affinity of C7-methoxy-DANA.  The C7-fluorine-
N-DANA provides a binding energy of 109.35 kcal/mol and it is lower than the parent N-
DANA.   The fluorine is an electronegative substituent and hence its presence in the vicinity 
of highly polarized oxygen atom O16 acts as a barrier to the delocalization of electrons 
between C2 and C7 atoms.  So, the electrical activity of fluorine is retarded and hence, it 
accounts for low binding affinity than the N-DANA.  
                 
  Figure-17, 7-Fluoro-N-DANA                                        Figure-18, 7-chloro-DANA 
The 7-chloro-N-DANA on interaction with the protonated methyl guandino provides a 
binding energy of 108.15 kcal/mol and thereby it shares same platform with the fluorine.  
Hence, introduction chlorine at the C7 position does not have a significant effect on the 
binding affinity of N-DANA.  The Figure 18 indicates the intramolecular hydrogen bond 
2.334Å formation between amino group and carbonyl oxygen and it does not contribute for 
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the higher binding affinity due to the poor charge transfer between C4 and C2 atom.  The 
methyl group at the C7 position outshines other substituent and it is apparent from the Table 
III that it occupies a higher binding energy.  The 7-methyl-N-DANA on interaction with 
protonated methyl guandino provides a binding energy of  115.33 kcal/mol.  The methyl 
group at the C7 forms an intramolecular hydrogen bond 2.79Å with carbonyl oxygen and 
contributes for a higher binding affinity of N-DANA.  The methyl group at the C7 position 
disperses the electron cloud of O16 by the hyperconjugative effect and favors the charge 
transfer between C7 and C2 and thus increases the binding affinity of N-DANA.  Hence, 7-
methyl-N-DANA could be useful in the design and development antiviral sialidase inhibitors.   
The C7-thiol-N-DANA on interaction with protonated methyl guandino provides a binding 
energy of 109.67 kcal/mol and it does not have significant effect on the binding affinity.  
Thiol at the C7 position forms an intramolecular hydrogen bond 2.24Å with carbonyl oxygen 
to favor the binding affinity. But the intramolecular hydrogen bond formation between C7 
hydroxyl group and carboxylate group decreases the binding affinity.  A further investigation 
on C7-thiolN-DANA perhaps will improve the binding affinity.      
               
      Figure 19, 7-methyl-N-DANA                                       Figure 20, 7-thiol-N-DANA 
A guandino substituent is replaced at the C7 position of N-DANA to evaluate its binding 
affinity. The C7-guandino-N-DANA on interaction with the protonated methyl guandino 
provides a binding energy of 109.08 kcal/mol and thereby it shares same platform with the 
chlorine, thiol and fluorine substituent.  The guandino at the C7 position forms an 
intramolecular hydrogen bond 2.44Å with the carbonyl oxygen to improve the binding 
affinity and it is shown in Figure 22.  However, it fails to form an intramolecular hydrogen 
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bond between C4 hydroxyl group and carbonyl oxygen and as a result the charge transfer 
between C4 and C2 atom decreases.  This eventually retards the higher binding affinity of 7-
guandino-N-DANA.    A tri-fluoro-carbon is introduced at the C7 position to evaluate its 
binding affinity.  The 7-CF3-N-DANA on interaction with protonated methyl guandino 
provides a binding energy of 104.39 kcal/mol and thereby it shares same domain with 
halogens. The introduction of trifluoro carbon CF3 in the C7 position of N-DANA does not 
significantly increase the binding energy and contrarily it decreases the binding energy than 
the parent N-DANA.   
                     
      Figure 21. 7-guandino-N-DANA                                  Figure 22, 7-CF3-N-DANA  
The C8 hydroxyl group of CF3-N-DANA forms an intramolecular hydrogen bond 1.931Å 
with the carboxylate oxygen and this bond penalizes the binding energy of the substrate. 
Hence, the substitution of CF3 fails to attain a higher binding affinity and thus its application 
in the design of antiviral inhibitor is unlikely.  
7.5.2 BINIDING AFFINITY OF C7 SUBSTITUENT IN A SOLVENT PHASE  
The parent N-DANA provides a binding energy of 18.03 kcal/mol.  The introduction of other 
amino group at the C7 position of N-DANA has adverse effect and it provides a binding 
energy of 12.84 kcal/mol. It appears that the amino group at the C7 decreases the binding 
affinity and hence, further design of antiviral sialidase inhibitors based on this template is not 
recommended.  The methoxy at the C7 position of N-DANA provides a solvated binding 
energy of 13.38 kcal/mol and this proves that methox does not have a significant effect on the 
binding affinity.  . The 7-methyl-N-DANA on interaction with protonated methyl guandino 
provides a solvated binding energy of 13.42 kcal/mol.  Methyl group is hydrophobic in nature 
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and hence it lacks hydrogen bonded interaction with water molecules; thereby it cannot attain 
a higher binding affinity.  The 7-chloro-N-DANA on interaction with protonated methyl 
guandino provides a solvated binding energy of 13.28 kcal/mol.  It seems that the introduction 
of chlorine at the C7 position of N-DANA does not have significant effect on the binding 
affinity and hence it is not suitable for the design of sialidase inhibitors.  The thiol at the C7 
position provides a solvated binding energy of 13.42 kcal/mol and it has a detrimental effect 
on the binding affinity.  The 7-guandino-N-DANA provides a solvated ligand binding energy 
of 18.93 kcal\mol.  It is apparent from Table III that the hydrophilic guandino occupies a 
higher position in the binding affinity.  Guandino has a conjugation in its structure and so it 
eases the delocalization of electron between C2 and C3 and thus improves the binding 
affinity.  Hence, it will be a promising candidate in the development and design of sialidase 
inhibitors.  It is clear from the Table III that the introduction of C7 substituent fails to produce 
higher binding affinity in solvent phase except the guandino group.   
7.6 EFFECT OF C7 SUBSTITUENTS ON GUANDINO DANA  
The pyranose cyclohexane derivative of DANA is the first reported inhibitor of the 
sialidase
134
 and it showed poor inhibition to the animals infected with influenza virus.  Later it 
was found that the substitution of appropriate substituent like amino at the C4 position 
improves the binding affinity of the DANA.  This improvement along with other structural 
studies enabled fully fledged studies to develop the sialidase antiviral inhibitors.  
Computational studies were used to probe the active site of sialidase enzyme to design 
structurally modified DANA derivatives with improved binding affinity 
135,136
.  This analysis, 
together with computational results, led to the conclusion that the incorporation of large 
functionality in place of C4 hydroxyl group of DANA will provide a higher binding affinity.  
Hence, substitution of C4 hydroxyl group by the guandinyl functionality provides a 4-
guandino-DANA and it was reported to have a higher binding affinity than the parent DANA.  
It has been already discussed in the previous section that the C7 position of DANA is not 
involved in molecular interactions and it remains free.  This investigation explores the effect 
of C7 substituent on the binding affinity of 4-guandino-DANA.     
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7.6.1 RESULTS AND DISCUSSION 
The parent 4-guandino-DANA on interaction with protonated methyl guandino provides a 
binding energy of 108.95 kcal/mol.  The introduction of amino group at the C7 position of 4-
guandino-DANA has substantial effect on the binding energy.  The 7-amino-4-guandino-
DANA provides a binding energy of 110.62 kcal/mol.  It suggests that the introduction of 
amino group increases the binding energy by decreasing the polarization between C2 and 
O15.  The amino group at the C7 position forms an intramolecular hydrogen bond 2.105Å 
with the carbonyl oxygen to improve the binding affinity and it is shown in the Figure 23.   
              
Figure-23, 7-amino-4guan-DANA:MG               Figure-24, 7-methoxy-4-guan-DANA:MG 
Hence, 7-amino- 4-guandino-DANA can further be explored to design the sialidase antiviral 
drugs.  The replacement of methoxy group at the C7 position of 4-guandino-DANA improves 
the binding affinity.     
          
   Figure-25, 7-fluoro-4-GDANA:MG                          Figure-26,7-chloro-4G-DANA:MG 
The 7-methoxy-4-guanidno-DANA on interaction with protonated methyl guandino provides 
a binding energy of 110.02 kcal/mol and it is higher than the parent 4-guandino-DANA.     
The methoxy group at the C7 position decreases the electronic charge density of oxygen O15 
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and thus increases the binding affinity. Hence, 7-methoxy-4-guandino-DANA could act as a 
potential candidate in the development of sialidase antiviral inhibitors.  Fluorine is introduced 
at the C7 position to evaluate its binding affinity.  The 7-fluoro-4-guandino-DANA on 
interaction with protonated methyl guandino provides a binding energy of 109.20 kcal/mol 
and it is identical with the parent 4-guandino-DANA.  Fluorine at the C7 position fails to 
form an intramolecular hydrogen bond with the carbonyl oxygen and thus it attains a low 
binding affinity.   Chlorine is introduced at the C7 position to evaluate its binding affinity.  
The 7-chloro-4-guandino-DANA on interaction with the protonated methyl guandino 
provides a binding energy of 105.85 kcal/mol and thereby it shares same platform with the 
fluorine.     
        
       Figure-27, 7-methyl-4-guan-DANA:MG        Figure-28, 7-thiol-4-guan-DANA:MG 
It is clear that the effect of fluorine and chlorine at the C7 position remains identical with the 
parent hydroxyl group and hence, the halo groups are unlikely to act as potential antiviral 
inhibitor.  The methyl group is introduced at the C7 position to evaluate its binding affinity.  
The 7-methyl-4-guandino-DANA on interaction with protonated methyl guandino provides a 
binding energy of 110.06 kcal/mol.   The structural and energetic parameter of 7 methyl-
guandino-DANA divulges that the methyl group at the C7position increases the binding 
affinity and therefore it could act as a potent sialidase inhibitor.  The 7-thiol-4-guandino-
DANA provides a binding energy of 109.8 kcal/mol.  The C8 hydroxyl group of thiol 
derivative forms an intramolecular hydrogen bond 2.046Å with the carboxylate oxygen and 
this hydrogen bond accounts for low binding affinity of the 7-thio-4guandino-DANA and it is 
shown in Figure 28.  Hence, thiol at the C7 position fails to attain a higher ligand binding 
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energy and it needs rigorous investigation to increase its binding affinity.    The 7-CF3-4-
guandino-DANA on interaction with protonated methyl guandino provides a binding energy 
of 108.84 kcal/mol and it has no effect on the binding affinity.  The trifluoro carbon at the C7 
position fails to form an intramolecular hydrogen bond with the carbonyl oxygen and thus it 
attains a low binding affinity.    
 
Figure 29, 7-CF3-4-guandino-DANA:Methyl Guandino complex  
However, it forms an intramolecular hydrogen bond 2.046Å between C8 hydroxyl group and 
carboxylic oxygen and this bond penalizes the binding affinity of the substrate and thus 
causes low binding energy.  Hence, the substituent analysis declares that the CF3 is a poor 
substituent and it is unable to act as sialidase antiviral inhibitors.  
7.6.1 BINIDNG AFFINITY OF C7 SUBSTITUENTS IN SOLVENT PHASE  
The 4-guandino-DANA on interaction with the  protonated methyl guandino provides a 
solvated binding energy of  11.45 kcal/mol.  The amino group at the C7 position in solvent 
phases decreases the binding affinity and it provides a binding energy of 8.9 kcal/mol.  The 
amino group in solvent phase might interact with a water molecule and disrupt the hydrogen 
bond formed by amino group with the carbonyl oxygen and thus it decreases the binding 
affinity.  The methoxy group at the C7 position of guandino-DANA shows a promising effect 
in binding affinity.  The 7-methoxy- 4-guandino-DANA provides a solvated ligand binding 
energy of 18.3 kcal/mol.   It is clear that the methoxy at the C7 provides a higher binding 
affinity and it will significantly aid in the development of sialidase antiviral drugs.   The 7-
fluoro-4-guandino-DANA provides a solvated binding energy of 13.14 kcal/mol and it is 
higher than the parent guandino-DANA.  Hence fluorine at the C7 position is suitable for the 
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further development of sialidase inhibitor.   The 7-methyl-4-guandino-DANA provides a 
solvated binding energy of 14.07 kcal/mol and it is higher than the parent 4-guandino-DANA.  
Therefore, 7-methyl-4-guandino-DANA derivative will find a major application in the 
development of sialidase antiviral drugs.  Chlorine and tri fluoro carbon at the C7 position 
provides a solvated binding energy of 14.04 kcal/mol and 14.07 kcal/mol.  It appears that the 
binding affinity of chlorine and trifluro carbon is higher than the parent 4-guandino-DANA.  
Hence, CF3 and chlorine could be considered for further exploration in the design of sialidase 
inhibitor.  The sulfur based thiol group at the C7 provides a solvated ligand binding energy of 
13.7 kcal/mol and it also has a higher binding affinity than its parent 4-guandino-DANA.  It 
forms an intramolecular hydrogen bond 2.014Å with the carbonyl oxygen  and this bond 
helps thiol to attain moderate binding energy.  Hence further investigation on thiol will 
provide a promising result in the development sialidase antiviral drugs. 
7.7 EFFECT OF C12 SUBSTITUENTS ON BINDING AFFINITY OF TAMIFLU 
The discovery of 4-guandino-DANA provides a effective platform for the development of 
sialidase anti-influenza drugs. On account of its limited oral bio-availability and polar nature; 
it excretes rapidly and becomes ineffective in inhibition.  Significant work has performed in 
structure-activity relationship studies with DANA based derivatives.  In addition, a substantial 
effort has been applied towards the development of sialidase inhibitors based on non-
pyranose derivatives and as a result GS 407 (oseltamivir carboxylate) compound is 
obtained.
137
  This finding provides an additional room to reduce the polarity of the compound 
and this eventually leads to increase in oral bio-availability of the compound.  Hence, 
oesltamivir, (Tamiflu)
137
 provides an excellent oral bio-availability and binding affinity.  This 
revolutionary carbocyclic based inhibitor established a new era in the anti influenza drugs. In 
this ab initio investigation, the ester ethoxy of tamiflu is replaced by several substituents to 
validate its binding affinity.   
7.2.1 RESULTS AND DISCUSSION  
Tamiflu on interaction with the protonated methyl guandino provides a binding energy of 
118.34 kcal/mol.  Unlike in pyranose derivatives, the polar C–O link is absent in tamiflu and 
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it is an added advantage for  tamiflu to acquire a higher binding affinity. Its structure is shown 
in Figure 30.  The substitution of methoxy group at the C12 position provides a binding 
energy of 117.27 kcal/mol and its structure is shown in Figure 31.  It appears that the methoxy 
at C12 position decreases the binding affinity of tamiflu.   
           
        Figure 30, Tamiflu parent complex                   Figure 31, C12-methoxy-Tamiflu 
The substitution of methyl group at the C12 position improves the binding affinity of the 
tamiflu.  The 7-methyl-tamiflu on interaction with the protonated methyl guandino provides a 
binding energy of 119.91 kcal/mol and it is higher than the tamiflu.  The presence of methyl 
group favors the electron delocalization between C12 and C4 by hyperconjugative inductive 
effects and thus causes a higher binding affinity.   
                  
     Figure 32, C12-methyl-tamiflu                             Figure 33, C12-ethoxy-tamiflu  
Hence, C12 methyl derivative of tamiflu will find a major application in the development of 
sialidase antiviral drugs.  The 12-ethoxy-tamilflu provides a binding energy of 117.34 
kcal/mol and it is lower than the parent tamiflu. The presence of ethoxy group at the C12 
position hinders the charge transfer between C12 and C4 and it consequently attains a low 
binding affinity.  Hence, the introduction of ethoxy group at the C12 position is detrimental to 
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the binding affinity of tamiflu.   Ethyl group is introduced at the C12 position of tamiflu to 
evaluate its binding affinity. The 12-ehtyl-tamiflu provides a binding energy of 119.87 
kcal/mol.  It appears that the introduction of ethyl group at the C12 position improves the 
binding affinity of tamiflu.  The presence of ethyl group at the C12 position increases the 
electronic charge density of C4 carbon from -0.112 to -0.110 and causes a higher binding 
affinity.  It is nosted that the electron donating nature of ethyl group increases the 
delocalization of electrons between C12 and C4 by hyperconjugative inductive effects and 
thus increases the binding energy.   
        
        Figure 34, C12-ethyl-tamiflu                  Figure 35, C12-fluoro-tamiflu 
Hence, C12-ethyl-tamiflu will significantly aid in the development of  sialidase antiviral 
drugs with more binding affinity.    Introduction of fluorine at the C12 position of tamiflu 
shows poor binding affinity.  The 12-fluoro-tamiflu on interaction with protonated methyl 
guandino provides a binding energy of 116.67 kcal/mol and it is lower than the parent tamiflu.   
Hence, fluorine at the C12 position of tamiflu is unfavorable to attain a higher binding energy.   
Chlorine is introduced at the C12 position of tamiflu to evaluate its binding affinity.  
           
        Figure 36, C13-chloro-tamiflu                      Figure 37, C12-CF3-Tamiflu 
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The C12-chloro-tamiflu on interaction with the protonated methyl guandino provides a 
binding energy of 110.9 kcal/mol.  It appears that the chlorine at the C7 position drastically 
reduces the binding affinity.  The fluorine and chlorine derivative of tamiflu fails to form an 
intramolecular hydrogen bond between C12 group and carbonyl oxygen and as a result it 
provides a low binding affinity. The C12-CF3-tamiflu on interaction with the protonated 
methyl guandino provides a binding energy 115.33 kcal/mol and it is lower than the tamiflu.  
Like halogens, the tri-fluoro-carbon also fails to form an intramolecular hydrogen bond with 
the carbonyl oxygen and hence it attains a low binding affinity.  Hence, further investigation 
based on the tri-fluoro carbon at C12 position of tamiflu is not recommended.   
           
    Figure 38, C12-thiol-tamiflu derivative;   Figure 39, C12-guandino-tamiflu derivative 
The C12-thiol-tamiflu provides a binding energy of 115.38 kcal/mol and its structure is 
shown in Figure 38.  The thiol at the C12 position increases the dipole moment and 
polarization of the compound; which in turn decreases the binding affinity. Thus, thiol at the 
C12 position acquires low binding affinity and hence further investigation of thiol is not 
recommended for the design of sialidase inhibitors.  Guandino is introduced at the C12 
position of tamiflu to evaluate its binding affinity.  The C12-guandino-tamilu on interaction 
with the  protonated methyl guandino provides a binding energy of 115.67 kcal/mol. It seems 
that the guandino has lower binding affinity than the parent tamiflu.    Guandino is highly 
polar compound and its substitution at the C12 position increases the dipole moment from 
9.07D to 13.17D and thus polarizes the substrate and as a result it decreases the binding 
affinity of the substrate.  Moreover, the guandino at the C12 fails to form an intramolecular 
hydrogen bond with the carbonyl oxygen and thus causes for a low binding affinity.  Hence, 
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further investigation on this derivative to design the antiviral sialidase inhibitor is not 
recommended.   
7.2.2 EFFECT OF C12 SUBSTITUENT IN SOLVENT PHASE 
 
The tamiflu on interaction with the protonated methyl guandino provides a solvated binding 
energy of 20.83 kcal/mol.  The methyl group at the C12 position of tamiflu provides a 
solvated binding energy of 13.84 kcal/mol and it is lower than the parent tamiflu.  Hence, 
methyl substitution at the C12 position is not favorable to attain a higher binding affinity.  
The substitution of methoxy group at the C12 position of tamiflu shows poor binding affinity 
in the solvent phase and it provides a solvated binding energy of 14.81 kcal/mol .  The 12- 
ethoxy-tamiflu provides a solvated binding energy of 15.07 kcal/mol.  The ethoxy at C12 
position increases the dipole moment from 9.63D to 11.01D and thereby decreases the 
binding affinity of the compound.  The 12-ethyl-tamiflu derivative provides a solvated 
binding energy of 14.54 kcal/mol and thus it is lower than the  parent tamiflu.  The presence 
of ethyl group decreases the electronic charge density on the C4 atom from -0.104 to -0.120 
and thus causes low binding affinity in solvent phase.   
Fluorine at the C12 position of tamiflu provides a solvated binding energy of 14.12 kcal/mol.  
It reveals that electronegative fluorine disperses the electron cloud around C4 atom by the 
electronegative inductive π effects and hence, it decreases the binding affinity.  Thus, fluorine 
at the C12 position acts as a poor substituent in improving binding affinity.  The Table V, 
discloses that the substituent thiol and tri fluoro carbon at the C12 position provides a 
solvated binding energy of 13.69 kcal/mol and 14.01 kcal/mol.  Hence, both the substituents 
were unsuitable to yield a higher binding affinity.  Finally a guandino substitution at the C12 
position of tamiflu provides a solvated binding energy of 16.66 kcal/mol and it is the next 
higher binding energy to the tamiflu.  Guandino is the only substituent attains a higher 
binding energy and hence, further research on its derivative could yield promising result to 
the development of sialidase inhibitor.  In summary, all the C12 substituent in solvent phase 
shows poor binding affinity and hence, C12 position of tamiflu is not an appropriate position 
to improve the binding affinity.   
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7.8 EFFECT OF C6 SUBSTITUENT ON THE BINDING AFFINITY OF TAMIFLU 
The C12 dimethoxy group is kept constant and the amino group at the C6 position is replaced 
by various substituents to evaluate its binding affinity.  The methyl group is introduced at the 
C6 position to investigate its effect on binding affinity.   The 6-methyl-tamiflu on interaction 
with the protonated methyl guandino provides a binding energy of  116.82 kcal/mol.  It 
appears that the 6-methyl derivative has low binding affinity than the tamiflu.   Electron 
donating methyl group at the C6 position of tamiflu increases the electronic charge density 
from -0.107 to -0.097 and hence it provides a moderate binding energy.   
             
       Figure 40, 6-methyl tamiflu derivative               Figure 41, 6-fluoro-tamiflu derivative  
The Figure 16 reveals that the 6-methyl derivative fails to form an intramolecular hydrogen 
bond with the carbonyl oxygen and hence, it attains a low binding affinity.  Guandino group 
is introduced at the C6 position to validate its binding affinity.                
         
   Figure 42 C6-guandino tamiflu                   Figure 43, C6-methylamine tamiflu derivative  
The 6-guandino-tamiflu provides a binding energy of 117.73 kcal/mol.  It seems that the 
replacement of guandino by the amino group decreases the binding affinity.  The guandino at 
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the C6 position fails to form an intramolecular hydrogen bond with the carbonyl oxygen and 
thereby it attains a low binding affinity.  The methyl amine is introduced at the C6 position of 
tamiflu to evaluate its binding affinity. The C6-methylamine-tamiflu on interaction with 
protonated methyl guandino provides a binding energy of 117.06 kcal/mol and its structure is 
shown in the Figure 43.   
  
Figure 44 C6-thiol- tamiflu 
The methyl amine at C6 position decreases electron density on the C4 atom and thus causes a 
low binding affinity of the substrate. Intramolecular hydrogen bond formation is absent in 6-
methylamine-tamiflu and it further mitigates the binding affinity.   Hence, methylamine at the 
C6 position is not suitable to the development of sialidase inhibitors.  Finally a thiol group is 
introduced at the C6 position to investigate its binding affinity.  The 6-thiol -tamiflu on 
interaction with protonated methyl guandino provides a binding energy of 115.07 kcal/mol.   
It appears that the thiol at the C6 position decreases the binding affinity of tamiflu.   On 
account of the electron donating nature of thiol, it fails to improve the binding affinity.  The 
investigation of C6 substituents on tamiflu shows poor performance and hence amino group at 
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6.33 18.03 0.313 -0.789 1.320 1.382 
Amino 
 
108.03 110.44 6.52 12.84 0.336 -0.789 1.322 1.373 




6.42 13.38 0.313 -0.784 1.320 1.381 




6.63 13.58 0.316 -0.780 1.320 1.379 
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-0.104 -0.107 1.326 
Methoxy 
 




-0.119 -0.1 1.327 
Ethoxy 
 




-0.106 -0.101 1.327 
Methyl 
 




-0.107 -0.112 1.327 
Ethyl 
 




-0.12 -0.112 1.326 
Chlorine 
 
110.9 117.72 0.63 12.85 
 
-0.09 -0.093 1.326 
Fluorine 
 




-0.092 -0.093 1.326 
Thiol 
 




-0.104 -0.1 1.326 
Guandino 
 




-0.108 -0.096 1.327 
CF3 
 




-0.091 -0.093 1.324 
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7.9 CONCLUSION       
 
The investigation of effect of C4 substituent on DANA discloses that the methyl, amino and 
methoxy group at the C4 position improves the binding affinity of DANA and hence these 
compounds can be further explored to design the sialidase antiviral drugs.  The analysis of C7 
substituents on the DANA discloses that the amino,  methoxy, and methyl group moderately 
increases the binding affinity.  Especially, guandino at the C7 position enormously increases 
the binding affinity of DANA.  Therefore, 7-guandino-DANA will find major application in 
the design of sialidase antiviral drugs.  The analysis of C7 substituents on the N-DANA 
shows that the amino and methyl group at the C7 position increases the binding of N-DANA.  
Hence, methyl and amino derivatives will significantly aid the in the development of sialidase 
antiviral drugs.  The effect of C7 substituent on the 4-guandino-DANA reveals that the amino 
and methoxy group increases the binding of 4-guandino-DANA and these two derivatives 
will be used in the design of modern sialidase antiviral drugs.  The analysis of C12 substituent 
on tamiflu signifies that the methyl and ethyl group at the C12 position increases the binding 
energy.  Hence, ethyl and methyl derivatives of tamiflu will provide a potential opportunity to 
develop potent sialidase inhibitors.  Hence, effect of substituents study declares that the 
substituent with higher binding affinity will be beneficial to develop modern anti influenza 













Ab initio investigation of catalytic path of sialidase enzyme reveals that the catalytic 
mechanism proceeds through the formation of sialosyl cation intermediate.  The structure of 
cation intermediate will provide an impetus to the development of sialidase inhibitor.  The 
cluster continuum solvation analysis of sialyate compounds reports that the solvation free 
energy of sialyate-guandino complex and sialyate anion increases as a function of water 
molecules.  Thus it nullifies the specific binding of explicitly water molecules in the 
functional site of sialyate compounds.  The cluster continuum solvation analysis of cationic 
complex and zwitter ion shows that the solvation free energy of cationic complex and zwitter 
ion decreases initially and later increases as function of water molecules. Thus it 
accommodates the specific binding of water molecule in the explicit mono-hydrated and di-
hydrated structures. Hence, carboxylate oxygen, C2 carbon and C7 hydroxyl group were the 
best water binding sites for the sialyl cation and zwitterion structures and presence of water 
molecules in these sites were validated.   
The explicitly added water molecule decreases the binding energy of the sialyate complex and 
hence it indicates that explicit hydration is detrimental to the binding affinity. However, it 
increases the binding energy of sialosyl cationic complex and hence it favors the binding 
affinity of sialosyl cation complex.  The cluster continuum solvation investigation of DANA, 
4-amino-DANA and 4-guandinino-DANA reveals that the solvation free energy of the 
substrate complexes increases as a function of water molecule and thus it invalidates the 
presence of water molecules in its functional site.  This system attains a limiting effect on the 
solvation free energy at the tetra-hydrated structure.  Although these compound structurally 
differ from sialyate compound, but it follows the solvation free energy pattern same as with 
the parent sialyate compound.  Meanwhile, explicit hydration decreases the binding affinity of 
all the pyranose ring derivatives such as DANA, 4-amino-DANA and 4-guandino DANA and 
hence, it is detrimental to the binding affinity of the sialidase inhibitors. The investigation of 
C4 substituents on DANA found that the amino, methoxy and methyl group were the 
promising substituents and attains a higher binding affinity than the parent DANA.   The 
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guandino and methyl group at the C7 position attains a higher binding affinity than parent 
DANA.  Hence, this substituent at C4 & C7 position of DANA will result in the development 
of modern anti influenza drugs.  The substituent analysis on 4-amino-DANA discloses those 
methyl and methoxy groups were effective in increasing the binding affinity of 4-amino-
DANA and hence, further investigation on this compound will a yield promising result in the 
development of sialidase inhibitors.  The investigation of C7 substituent on the guandino 
compound reveals that the methyl, methoxy, amino and thiol group attains a higher binding 
affinity than the parent compound and hence, furthering research based on this template will 
yield a sialidase inhibitors with a higher binding affinity.  The cluster continuum solvation 
analysis of tamiflu discloses the solvation free energy of tamiflu-guandino complex and its 
anion increases as a function of water molecule and attains a limiting value at the tetra- 
hydrated structure due to the hydrogen bonding cooperative effects. The tetra and tri-hydrated 
structure of tamiflu anion attains a low solvation free energy than the parent tamiflu and 
hence, the presence of water molecules in the functional site is validated for both the explicit 
hydrated structures.   
Absence of oxygen in the carbocyclic ring improves the solvation free energy and hence it 
attains a higher solvation energy than its corresponding pyranose ring derivatives.  The 
explicit hydration linearly decreases the binding affinity of the tamiflu and hence, explicit 
hydration is detrimental to the binding affinity of tamiflu.  Effect of C12 substituents analysis 
on tamiflu indicates that the methyl and ethyl group favors the binding affinity of tamiflu and 
hence tamiflu with an alkyl derivative will provide a higher binding affinity inhibitor.  
However, C6 substituents on the tamiflu were not successful in increasing the binding affinity 
and hence amino is the best candidate for C6 functional group.  The cluster continuum 
solvation analysis of BCX-guandino complex reveals that the solvation free energy decreases 
as a function of water molecules initially and later it increases. Thus it validates the presence 
of water molecules in a di-hydrated structure of BCX.   However, the cluster continuum 
studies of BCX anion divulges that the solvation free energy decreases as a function of water 
molecules and authenticates the presence of water molecules in a mono-hydrated and tri-
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hydrated explicit structure.  Hence, C17 hydroxyl group, carboxylate group and carbonyl 
oxygen were the best water binding sites of the BCX compound and hence, presence of water 
molecules in this sites were validated.  This implies that that five member BCX anion is more 
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